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Abstract 
 
Natural selection is the established force driving evolutionary change in populations, 
however the link between selection and the formation of new species is much less 
concrete. There is a growing body of evidence that differences in ecological 
conditions within a species range can lead to adaptive changes in both appearance and 
underlying genetic background that can lead to the formation of discrete and divergent 
populations. When these differences accumulate to a degree that prevents genetic 
exchange, these populations may satisfy many of the categories defining distinct 
species. In the works described in this thesis, I examine the mechanisms of natural 
selection driving evolutionary divergence between three adjacent populations of 
Senecio lautus, a native Australian plant. First, I describe the phenotypic differences 
that have accumulated between the three populations and use empirical experiments 
to show that these changes are most likely the result of adaptation to divergent 
ecological conditions. In the second chapter I examine whether this adaptation to local 
conditions can influence the rate of gene exchange between populations by 
quantifying a range of potential ecological and genetic mechanisms that may 
influence the ability of populations to breed with one another.  Results from this 
experiment suggest that intrinsic genetic differences between populations do not 
affect gene exchange and that the main barrier to gene flow between populations is 
associated with different patterns of adaptation preventing immigrant plants from 
establishing.  These findings are consistent with the theories of ecological speciation, 
where speciation occurs primarily as a result of environmental factors, and I 
specifically test this hypothesis in chapter IV. The prediction of ecologically 
dependent hybrid fitness is a unique prediction of ecological speciation, and I use 
field based reciprocal transplant experiments to determine whether this pattern is 
observed between S. lautus ecotypes. Together, these chapters provide evidence that 
natural selection based on ecological variation drives phenotypic divergence between 
populations, is the major factor preventing gene exchange between populations, and 
leads to patterns of hybrid fitness that are consistent with the theoretical predictions of 
ecological speciation.
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Chapter 1 
General Introduction 
 
“To solve the problem of the forms of living things is the aim with which the 
naturalist of to-day comes to his work. How have living things become what they are, 
and what are the laws which govern their forms? These are the questions which the 
naturalist has set himself to answer” 
(Bateson 1894) 
 
Variation in wild Populations 
 
Describing the presence and discontinuity of variation observed in the natural 
world is one of the fundamental goals of evolutionary and ecological investigation. 
Variation can be broadly classified into two broad categories, within and between 
biological species. Phenotypic variation occurring within species is more continuous, 
while differences that cause distinction between species are generally more discrete 
(Stebbins 1950, p42).  At its most simple, discontinuity may be driven by natural 
selection for alternative adaptive traits under different conditions, and constrained by 
the redistribution of variants through gene flow and recombination (Felsenstein 1981).  
 
When conditions within the range of a species, such as regional rainfall or soil 
fertility gradients, lead to variation in fitness associated with particular phenotypes, 
selection increases the frequency of phenotypes that best fit those conditions (Clausen 
et al. 1941). This process may lead to adaptation if the traits under selection have 
heritable genetic basis (Falconer and Mackay 1996; Lynch and Walsh 1998). When 
there are multiple adaptive peaks within the distribution of a population, adaptive 
divergence may create independently subunits within the larger populations 
(Barraclough and Humphreys 2015). If adaptation to particular environmental factors 
is strong and conditions vary continuously, it is reasonable to predict that trait 
distributions will closely follow environmental gradients. However, if environmental 
conditions are more discrete, adaptive phenotypes may have a more abrupt transition 
(Stebbins 1950, p48).  
 
Divergent selection on some traits may be strong, leading to discontinuous 
trait distributions, and weaker on other traits leading to more continuous or clinal 
distributions (Stebbins 1950; Lowry 2012). This observation of continuity and 
discreteness of trait value within species has led to some conjecture surrounding the 
classification of these subunits, and the usefulness of the ecotype concept (reviewed 
in Lowry 2012), but the problem can largely be resolved by defining groups based on 
patterns of variation across multiple traits. Individual characters may have clinal or 
discrete variation across environmental gradients due to differences in their adaptive 
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significance while the composite response of an assemblage of different characters 
may be different (Clausen et al. 1941). Therefore, the classification of ecotypes are 
more accurately described by multiple traits, and are therefore best described by the 
principal components of variation across many phenotypic traits (Lowry 2012). 
 
 
Reproductive isolation 
 
Whether these locally adapted populations are somewhat continuous variants 
within a larger population, or whether they form discrete evolutionary groups can be 
predicted by the probability of their exchanging genes (Felsenstein 1981). While both 
cases describe individuals that share evolutionary history, it is the individuals within 
but not between discrete groups that share a common evolutionary fate (Barraclough 
2015). The evolutionary fate between groups within a population can be predicted by 
the patterns of gene flow between them: fate is shared when no reproductive isolation 
exists and populations can exchange genes, and fates are different with the advent of 
reproductive isolation, or the prevention of gene flow.  
 
Gene flow may constrain the divergence of these groups, as the homogenizing 
effects of gene exchange and recombination may redistribute genetic variants and 
prevent the accumulation of differences (Endler 1977; Slatkin 1987). It is important to 
note that there are some examples of divergence with gene flow, where regions of the 
genome have reduced recombination rates due to adaptive genes being trapped in 
inversions (Noor et al. 2001; Rieseberg 2001) or divergent selection reducing the flow 
of genomic regions containing adaptive genes, relative to neutral regions (Nosil and 
Feder 2012; Via 2012). However it is generally recognized that gene flow is an 
antagonistic force in the process of divergence (Coyne and Orr 2004; Felsenstein 
1981), with the biological species concept defining species based on presence or 
absence of interbreeding between groups (Mayr 1942). One of the consequences of 
gene flow is homogenization, which can be described as the opportunity for most 
alleles to be present in most populations (Ellstrand 2014). Patterns of gene flow and 
may span a range from panmixia, where genes flow freely within a population, to near 
isolation. This observation also forms the basis of the speciation continuum, where the 
transition from a panmictic, continuous population to discrete, discontinuous groups is 
explained by the accumulation of barriers that reduce the opportunity of allele transfer 
between groups (Sobel et al. 2010). 
 
The evolution of reproductive isolation is the most important step in the 
speciation process, as it is the mechanism that allows populations to become 
discontinuous. It may often be a combination of both intrinsic and extrinsic barriers 
that prevent the formation of hybrids (pre-zygotic barriers) and prevent hybrids 
mating with either parental population (post-zygotic barriers) which combine to 
produce reproductive isolation. The order of accumulation of barriers that can give 
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some insight into the particular source of reproductive isolation and therefore the 
drivers of speciation (Seehausen et al. 2014) .  
 
Under speciation driven by genetic incompatibility, intrinsic genetic 
mechanisms prevent gene exchange, which may later be followed by accumulation of 
extrinsic barriers. There are many chance events such as drift-driven fixation of 
random mutations, genome duplication and hybridization that may occur in allopatry 
and lead to speciation through evolution of genetic incompatibilities (reviewed in 
Coyne and Orr 2004). When different mutations that arise independently in each 
allopatric population become fixed in each population they can lead to barriers to 
gene flow. These mutations may not have any fitness effects within the population in 
which they arose as they have evolved in that genetic background, however if 
hybridization occurs between populations, these accumulated differences may lead to 
inviability or sterility in hybrid offspring when in the presence of genic mutations that 
have arisen in the other population (Orr 1995). The models describing this 
phenomenon were first described by Dobzhansky (1936) and Muller (1940), who built 
on an original description of the theory by Bateson (1909) and are thus known as 
Bateson - Dobzhansky - Muller incompatibilities (Orr and Turelli 2001). 
Developments in describing these intrinsic genetic barriers solved one of Darwin’s 
major problems in describing the process of speciation: how two genotypes descended 
from a common ancestor could find themselves on different adaptive peaks without 
one of them passing through the separating adaptive valley. New mutations are 
constantly tested in the genetic background in which they first arose, but they are only 
tested against the background of other populations upon hybridization. Mutations 
accumulating in isolated populations may lead to sterility or inviability only when 
combined with novel mutations that have arisen in other genetic backgrounds, and not 
in the population in which they have evolved, and as consequence, there is no 
“crossing of the valley” as such, and fitness reductions only occur when populations 
come into contact with each other after a period of isolation (Orr 1995). 
 
As they are driven by accumulation of genetic difference between divergent 
populations, the strength of postzygotic barriers such as sterility and inviability in 
hybrids increases with the genetic divergence of the parental populations (Coyne and 
Orr 1989), and therefore may take some time to arise. Although the precise time until 
intrinsic genetic incompatibility evolve is variable, under similar ecological 
conditions it is expected to be hundreds to thousands of generations (Frankham et al. 
2011). When speciation is driven by genetic incompatibility, intrinsic barriers may 
develop in the absence of extrinsic barriers. This pattern is reversed if speciation is 
driven by a process of adaptation to contrasting environmental conditions when 
extrinsic barriers may arise earlier in the process of speciation and prevent gene 
exchange between genetically compatible populations. 
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Ecological Speciation 
 
When speciation is driven by divergent selection, extrinsic barriers to gene 
flow are expected to arise first, in the absence of genetic incompatibilities (Seehausen 
et al. 2014, Box 2). This model of speciation is dependent on divergent natural 
selection between contrasting environments as a primary cause of cessation of gene 
exchange (Schluter 2001; Nosil 2012), as potentially interbreeding populations are 
driven toward contrasting adaptive peaks, leading to phenotypic divergence. 
Reproductive isolation arises when hybrids formed between the divergent populations 
have intermediate phenotypes and suffer fitness costs as a result, or selection can 
exclude immigrants based on phenotype environment mismatches. The process of 
ecological speciation requires a reproductive isolation arises as a direct result of 
ecologically dependent hybrid fitness (Rundle and Whitlock 2001). Complete 
reproductive isolation is generally achieved through a combination of mechanisms 
associated with local adaptation to environmental differences and barriers arising 
from genetic incompatibilities (Rieseberg and Willis 2007), and includes barriers that 
reduce the formation and viability of hybrids (Sobel et al. 2010). 
 
Ecological processes are implicated in the process of speciation when 
reproductive isolation evolves as a response to ecologically based divergent selection 
(Rundle and Nosil 2005). Ecological selection arises as individuals interact with their 
surroundings and can include both biotic and abiotic factors, but the process of 
ecological speciation requires that selective pressure is divergent, which occurs when 
there is more than one optimal phenotype, and the selection is driving populations 
towards these phenotypes in contrasting directions (Schluter 2001, 2009; Nosil 2012). 
Perhaps the best examples of ecological speciation occur when patterns of parallel 
divergence arise as result of similar adaptations to equivalent selective regimes in 
multiple geographic locations (Colosimo et al. 2005; Ryan et al. 2007), a pattern 
much more likely under divergence based on natural selection rather than random 
processes. However, evidence for parallel ecological speciation is much less common 
in plants than animals, perhaps because it is less common, but potentially because of a 
lack of rigorous testing (Ostevik et al. 2012).  
 
Although ecological speciation can occur under any geographic arrangement 
provided divergent selection is the process driving divergence (Sobel et al. 2010; 
Nosil 2012), determining the importance of divergent ecological selection and the 
existence of ecologically dependent reproductive isolation when populations share 
geographic distributions allows a more targeted analysis of the mechanisms driving 
differentiation and a more rigorous test of ecological speciation theory.  
 
While many reproductive barriers are shared between the different modes of 
speciation, extrinsic post-mating barriers are a unique prediction of the ecological 
model of speciation (Schluter 2001). It is very difficult to distinguish ecologically 
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dependent fitness effects and fitness effects due to intrinsic genetic interactions. 
Rundle and Whitlock (2001) made a theoretical breakthrough by using hybridity 
indices to predict fitness reduction in hybrid and backcross genotypes compared to 
phenotypically divergent parental genotypes in two different environments. In this 
model, phenotypes are assumed to be inherited in an additive way, therefore the 
proportion of genes present from either parental population predicts the phenotypic 
similarity to that population. If these parental phenotypes are adaptations to divergent 
selection, hybrids should show a progressive reduction in fitness as their genetic 
similarity to the native population decreases. The key prediction of this model is that 
recombinant hybrid genotypes should show a switch in fitness rank due to the 
proportion of genes from the parental environment in which they are grown.  
 
 Rundle and Whitlock’s method allows the disentanglement of fitness 
reductions arising through intrinsic incompatibility in hybrids from that arising 
through extrinsic ecological factors, and has been employed in several taxa to 
determine whether ecologically dependent effects on fitness can lead to reproductive 
isolation. Multiple experiments between divergent insect varieties specialized to 
different host plants have shown evidence for ecologically dependent isolation (Egan 
and Funk 2009; Kuwajima et al. 2010). Experiments in killifish (Fuller 2008) have 
shown that intermediate phenotypes in hybrids between parental populations adapted 
to different salinity conditions can lead to ecologically dependent isolation. These 
previous experiments have been conducted under laboratory conditions though, only 
Rundle’s (2002) initial test of this method between benthic and limnetic populations 
of three-spine stickleback were conducted under wild conditions.  
 
 Senecio lautus 
 
Senecio lautus (Variable groundsel) is a native, semi-annual herbaceous plant, 
which provides a good opportunity to test the theories of ecological speciation in wild 
populations. Within this species are a number of varieties, variously classified as 
ecotypes or subspecies (Ornduff 1964; Ali 1969; Radford et al. 2004), which show 
contrasting morphologies and occur in a range of different environments including 
coastal sand dunes, coastal headlands, seabird colonies, desert, mallee and montane 
habitats (Ali 1964; Ornduff 1965; Roda et al. 2013b). This species complex also 
shows genomic evidence of repeated parallel divergence between adjacent coastal 
headland and sand dune environments, consistent with adaptation to divergent natural 
selection (Roda et al. 2013a). While divergent populations maintain phenotypic 
differences in the wild, they also retain the ability to produce fertile hybrids when 
crossed under common garden conditions, which provides an ideal experimental 
system in which to determine the relationship between adaptation based in divergent 
natural selection, and the mechanisms leading to reproductive isolation 
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The following chapters contained in this thesis use the S. lautus system to 
explore the two main questions outlined earlier by Bateson (1894): what processes 
have led to the patterns of variation seen between adjacent, morphologically distinct 
populations of S. lautus? And what laws maintain these morphological discontinuities 
in natural populations? I concentrate on three parapatric ecotypes from Dune, 
Headland and Seabird Island habitats at Coffs Harbour, NSW. These populations have 
contrasting morphologies and occur in different ecological conditions, but form a 
monophyletic group within the phylogeny of S. lautus in Australia (Roda et al. 
2013a). The Headland environment is characterised by shallow clay based soils with 
high salinity and exposure to prevailing winds. The Headland phenotype can be 
characterised by a prostrate growth form, and small succulent leaves. In the Dune 
environment, plants grow in sand with very little nutrient content or water retention, 
and have an erect growth form with generally fewer branches. The third environment 
considered in these experiments is an inshore Island that is home to a colony of 
Wedgetailed Shearwater or Muttonbird (Ardenna pacifica), after which the Island is 
named. This habitat is characterized by high levels of nitrogen and phosphorous in the 
soil, and heavy disturbance due to birds burrowing during the breeding season. Plants 
growing in this environment, referred to in this document as the Island ecotype, are 
generally large with multiple branches and an erect growth habit. These three 
populations are located within an 800m radius, which is within the range of pollinator 
foraging bouts and estimates of seed dispersal from related Senecio species. These 
populations also produce viable hybrid offspring when crossed under controlled 
conditions, which suggests that adaptation to divergent environments in the field may 
be maintaining phenotypic differences and preventing gene exchange between 
populations.  
 
This thesis examines several hypotheses stemming from these observations. In 
Chapter 2, I test the importance of natural selection driving phenotypic divergence 
between populations and assess its potential role in the emergence of ecotypes. In 
Chapter 3, I measure a range of potential barriers to gene exchange in this system to 
determine the degree of reproductive isolation between ecotypes, and the relative 
importance of genetic and ecologically dependent mechanisms that reduce gene flow. 
In Chapter 4, I specifically test whether the patterns of divergence and isolation 
outlined in Chapters 2 and 3 are consistent with ecologically dependent reproductive 
isolation, a fundamental theoretical prediction of Ecological speciation. The 
experiments outlined in Chapter 4 represent the first time Rundle and Whitlock’s 
method for inferring ecological speciation has been employed in plants, and also only 
the second time this method has been used to distinguish intrinsic (genetic) and 
ecological barriers under the range of ecological conditions that are present under 
natural, field conditions 
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Chapter 2 
The role of ecology on leaf shape divergence in 
an Australian native plant 
 
Abstract 
 
Phenotypic change can occur as an adaptive response to contrasting ecological 
conditions. In this study, we use reciprocal transplant experiments between sand 
Dune, Island and rocky Headland populations of an Australian plant to determine 
whether leaf shape variation between populations is due to genetic differences that 
have occurred as a result of adaptation under divergent natural selection. We created a 
synthetic population of hybrids to segregate the variation between ecotypes, and 
transplanted it into the three native environments. We found evidence that after one 
round of selection in the field, leaf shape diverged toward the native character in each 
environment, and that individual plants that were more similar to the wild populations 
in each case displayed higher fitness. Leaf size, as measured by the first principal 
component, was closely related to fitness variation in Dune and Island environments, 
whereas leaf shape was most predictive of individual fitness differences in the 
Headland environment. Further, levels of variation differed between wild plants and 
transplant survivors, with the smallest difference found in the Headland sites, 
suggesting that selection is strongest in this environment. The response to selection of 
leaf shape traits in survivors, and the association between similarity to wild 
populations and fitness, suggests that ecological differences between the three 
locations are one of the main drivers in the emergence of trait differences between 
these populations. 
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Introduction 
 
The existence of phenotypic differences between different populations within 
a species have long been the focus of studies linking ecological processes and 
evolutionary change, and form the basis of the ecotype concept (Clausen et al. 1941; 
Turrill 1946; Lowry 2012). Spatial variation in selection can lead to phenotypic 
divergence as populations adjust to the prevailing environmental conditions (Losos et 
al. 2001), leading to phenotypic variation within a species range (Kingsolver et al. 
2001). This is particularly important when there is the opportunity of interbreeding 
between individuals adapted to different ecological situations, as the homogenizing 
effects of gene flow are expected to erode adaptive differences between populations 
and constrain divergence (Felsenstein 1981; Yeaman and Whitlock 2011). When the 
strength of selection against phenotypes adapted to alternative environments is strong 
it can prevent the flow of immigrant genes into the population, allowing divergence 
(Nosil et al. 2005). 
Adaptation to environmental conditions is a process that selects for 
phenotypes that best fit a particular suite of ecological factors, therefore reducing 
phenotypic and genetic variance around a particular phenotype that confers greatest 
fitness (Sztepanacz and Rundle 2012). Adaptation to local conditions is common in 
plants (Hereford 2009), and is associated with clear mechanisms of reproductive 
isolation such as fitness reduction in hybrids or non-local individuals when exposed to 
the alternative ecological conditions (Hendry 2004; Baack et al. 2015) and assortative 
mating as a result of phenological (Savolainen et al. 2006; Lowry et al. 2008) or 
phenotypic divergence (Stelkens and Seehausen 2009). As such, it is likely that local 
adaptation plays a significant role in diversification and speciation in the plant 
kingdom (Bomblies 2010).  
A number of experimental approaches exist in which to test hypotheses about 
local adaptation. Reciprocal transplant experiments can be used to compare the 
relative fitness of local and non-local phenotypes to determine the extent of local 
adaptation and provide insight into the factors contributing to adaptive divergence 
(Ågren and Schemske 2012). Hybridization can also be used to artificially create 
variation in the traits that differentiate ecotypes (Schluter 2000; Lexer et al. 2003). 
Together, these methods can be an effective tool to recreate the divergent response to 
selection that has potentially led to the emergence of phenotypic differences between 
populations and the emergence of ecotypes.  
In this work, we use an Australian coastal plant as a model to investigate 
whether divergent selection due to ecological conditions leads to phenotypic 
divergence of synthetic hybrid populations, and whether phenotypic similarity to the 
wild populations predicts fitness. We quantify variation in leaf shape between three 
parapatric populations in the wild and then test whether variation in these divergent 
traits is heritable using common garden experiments. We then conduct a reciprocal 
transplant experiment between the three populations using synthetic hybrid crosses to 
determine whether ecological selection leads to similarities in leaf shape between 
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survivors and wild populations. Third, we determine whether phenotypic distance of 
transplant survivors to the wild population predicts fitness variation in survivors.  
 
Materials and methods 
Study system 
 Senecio lautus is a short-lived, outcrossing native plant with a distribution 
across southern Australia. This species complex consists of multiple divergent 
varieties associated with different environmental conditions (Ornduff 1964; Ali 1966; 
Radford et al. 2004). There is evidence within the system of parallel divergence to 
parapatric coastal environments (Roda et al. 2013). There is also evidence of 
ecologically dependent reproductive isolation in multiple parapatric populations 
(Chapter 4 – this thesis), and evidence that immigrant inviability is a major 
contributor to reproductive isolation (Chapter 3 – this thesis). Together these lines of 
evidence suggest that there is genetic variation for adaptive characters within the 
system, and that these characters could be subject to divergent selection between 
populations. 
Plants included in this work were measured in, or collected from, natural 
populations of three ecotypes of Senecio lautus at sites at Boambee beach (S 30° 18' 
45.28", E 153° 8' 21.43", Dune type), Corambirra Point (S 30° 18' 44.09", E 153° 8' 
41.51", Headland type), and Mutton Bird Island (S 30° 18' 19.67", E 153° 8’ 57.27", 
Island type) at Coffs Harbour, NSW. All three populations fall within an ~800 meter 
radius; the Dune and Headland populations are separated by ~10 metres. There are 
predictable differences in many aspects of plant architecture that correspond to 
environmental differences, particularly soil composition, which cluster by location in 
a principal components analysis (Figure S2.1). Other work on these populations 
suggests local adaptation to ecological differences prevents gene exchange between 
populations, despite their close proximity and absence of intrinsic barriers to gene 
flow in common garden experiments (Chapter 3 – this thesis).  
Genetic basis of traits 
Seeds were collected from Headland, Dune and Island populations at Coffs 
Harbour, NSW. Two seeds each from 20 Dune, Headland and Island families were 
scarified and germinated on moist filter paper in 40 mm petri dishes. Seedlings were 
planted into a 50:50 sand - peat commercial media in 90 mm plastic pots and were 
grown in The University of Queensland Glasshouses under natural light and 
evaporative cooling. Plants were harvested at the end of the flowering period at 5 
months of age. Plants that either failed to establish of perished before measurement 
were discarded from this analysis, leaving phenotypic measurements from 27 Dune, 
32 Headland and 19 Island individuals grown in common garden conditions. These 
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data allowed us to quantify the phenotypic differences in leaf shape between the three 
ecotypes under common garden conditions, and thus to determine whether leaf trait 
differences in wild populations have a genetic basis. 
 
Reciprocal field transplants 
Seed production  
To create populations for the field component of this study, plants were grown 
over two generations between January 2012 and November 2013 using the method 
outlined above. Controlled crosses were performed in these glasshouse populations by 
rubbing flower heads from parental plants together to transfer pollen; as flower heads 
open over multiple days, we repeated this procedure for three days for each cross to 
maximise seed production. All seeds used in the field experiments were from full-sib 
families created by crosses in the glasshouse. Families were generated by crosses 
within ancestral populations (Parentals, P), between populations (F1 hybrids, F1), 
within F1s (F2 hybrids, F2), and between F1s and Parentals (Backcrosses, BC). Few 
Backcross families were created between Dune-Island F1s and Island Parentals 
(BCID) due to limited flowering time overlap in the glasshouse, so we excluded this 
cross type from the experiment.  
Reciprocal transplant experiment 
To determine the role of divergent selection in driving these trait differences, 
we used phenotypic data collected from a reciprocal transplant experiment. The 
transplant was started on the 20th April 2014 in the Coffs Harbour environments, and 
occurred within the locations of the initial seed collections. Four plots were 
established in each of the three environments, each treated as an individual block. 
Vegetation and litter were removed from the plots before planting. Seeds were glued 
to toothpicks using Selleys Quick fix supa glue gel and organised into a completely 
randomised block design in the layout of each field block before transfer to the field 
sites in polystyrene grids. One seed from each family was planted into the 
corresponding cells of 400 x 600mm mesh grids with the seed placed ~2mm below 
the soil surface. Plants were watered daily with 1 litre of water per block (equivalent 
to ~4mm of rainfall) and covered with shade cloth for the first 21 days to induce 
germination. We included four individuals each from 15 families in each environment 
(12 individuals per family in total), leading to 60 individuals per genotype per 
environment. As our design included seeds from the wild populations and all possible 
crosses (except BCID) between the three populations, we planted 17 different 
genotypes, leading to 1020 seeds per environment and 3060 seeds across the whole 
transplant.  
This produced a synthetic population with the full distribution of potentially 
adaptive traits from the three wild populations. If there is an adaptive value for 
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particular traits, we can expect that divergent selection between the three contrasting 
environments would lead to differences between the phenotypic values of survivors 
within each environment. The experiment was ended after 7 months, when plants 
were clipped at ground level. Five mature leaves were removed from each surviving 
plant, and all above ground plant material was weighed to determine biomass 
accumulation as a measure of fitness. Plants that survived to the end of the transplant 
experiment have passed through the selective sieve in each environment. If there is 
divergence in leaf phenotype we can infer that selection has acted, however if deaths 
are random with respect to phenotype we do not necessarily expect any difference in 
trait means between environments. We also collected leaves from the wild 
populations, which represent reference populations to determine whether any response 
in trait value is toward the leaf shapes of the wild populations. Five leaves from each 
of 31 plants in the Dune environment, 54 plant in the Headland and 32 plants in the 
Island populations were collected along transects that spanned the spatial distribution 
of each population.  
Leaf processing and data collection 
Mature leaves were used in all aspects of this study. Leaves were collected, 
pressed until dry, and then laminated. We included five leaves for all plants for which 
five leaves were available. Leaves were scanned using a Canoscan 9000i flatbed 
scanner at 300dpi, and images were processed using the computer program Lamina 
BATCH (Bylesjo et al. 2008) to extract morphometric data. Traits were chosen that 
best described leaf shape variation between wild populations: area, perimeter, 
compactness, circularity, width, length, number of indents, indent density and 
dissection (see Table S2.2). 
Statistical analysis 
Trait differences between populations were analysed using multivariate linear 
regression where we combined the 9 leaf traits into a response matrix, with source 
population as the explanatory variable.  I used multivariate linear regression to 
determine whether there was a multivariate response to selection in the leaf shape of 
survivors in each transplant environment. I included environment and cross type in 
each model to account for the heritable differences in leaf shape between ecotypes 
and their crosses. I also included the cross type*environment interaction where we 
had the power to do so to determine whether there were any plastic responses in the 
way genotypes responded to the differences between environments. Significant 
differences between survivors in each location were determined using Pillais’s F 
approximation produced in the summary of a multivariate analysis of variance 
(MANOVA). To determine if there were differences in the response of individual 
traits, we also included a univariate analysis, where each trait is the response variable 
and environment, cross type and the environment*cross type interaction are 
explanatory variables. All models were run in R (version 3.0.3), and significance level 
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is consistent with the generally accepted level of alpha < 0.05. It is important to note 
that divergence in leaf traits may not be the result of direct selection on those 
individual traits, but due to selection on other traits which share a genetic correlation 
with leaf shape.   
Association of fitness and phenotypic change 
Principal Components Analysis (PCA) was used to reduce the dimensionality 
and collinearity of leaf traits. The nine leaf traits from all field-collected leaves (wild 
and transplant) were standardised (mean =0, SD = 1), before PCA using the 
FactoMineR (Lê et al. 2008) package in R. Five individuals were removed from the 
analysis as they classified as outliers with very large leaves improved the distribution 
of the size related traits: area, perimeter, compactness and dissection. To determine 
whether leaf phenotype in transplant survivors was affected by the same selective 
forces that shaped phenotypic divergence in the wild populations, we compared mean 
scores along the main axis of trait variation (PC1) between transplant survivors and 
wild populations within the same environment. We modelled PC1 as the response 
variable by environment and experiment (wild or transplant) as explanatory variables 
in using the lm() function in R (version 3.0.3). 
We also used the PCA scores to determine whether a particular suite of traits 
was associated with fitness. Within each transplant environment, we mean-centered 
the principal component scores for each individual on the mean of the native 
populations to determine the phenotypic distance between each surviving individual 
from the transplant experiment and the native population in that location. Harvest 
mass was log(n+1) transformed to approximate a normal distribution and avoid 
problems of transforming near zero measures. We then applied a linear regression of 
phenotypic distance (explanatory variable) on fitness (response) to determine whether 
similarity to the wild population along the principal axes of leaf variation conferred 
higher fitness. We also compared model fit using quadratic splines to determine 
whether a linear approximation was valid. As selection is expected to reduce 
phenotypic variance proportional to its strength, we also conducted Levene’s test for 
homogeneity of variance on the main predictor trait to determine if the trait variance, 
and therefore selective pressure, was similar between environments. 
Isolation of genetic component 
 
Results 
Genetic basis of ecotype traits under common garden conditions 
There was a strong pattern of divergence in leaf shape between wild 
populations that is maintained when plants are grown under common garden 
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conditions in the glasshouse, indicating that genetic differentiation rather than 
phenotypic plasticity was the major cause of phenotypic differentiation in this system 
(Table 2.2). We found significant differences between ecotypes in all leaf shape traits 
except indent density (Figure 2.1) and a highly significant difference in the 
multivariate trait difference between populations (Pillai approximate F= 1218,126, P= 
<2.2 e
-16
). Leaves from the Headland population are smaller and more circular than 
the other two populations, while Island leaves have a larger perimeter: area ratio 
(compactness) and are more dissect.  
 
Effects of ecological selection on leaf traits 
Of the 1020 seeds planted out at Coffs Harbour, 27 individuals survived to be 
sampled for leaf phenotypes in the Dune, 62 in the Headland and 85 in the Island 
environments. Leaf shapes in these survivors showed a highly significant difference in 
multivariate leaf phenotypes between environments (Pillai’s F approx. = 12.052,155, P 
= 6.25 e
-12
), a result consistent with divergent selection and a strong effect of cross 
type (Pillai’s F approx. = 1.716,155, P = 2.05 e
-5
), consistent with divergent survival 
selection among environments. Deconstruction of the multivariate analysis into 
individual traits showed significant divergence in all traits except dissection (Figure 
2.2). Dune and Island survivors were significantly different from one another in area, 
perimeter and length, but had similar values for all other traits. Headland survivors 
had higher indent density and lower compactness values than Dune or Island 
survivors (Figure 2.2). There was a significant effect of cross type on all traits except 
width and indent density, suggesting genetic differences are maintained across 
environments. There was no significant effect of crosstype*environment interaction 
and this term was removed during model simplification, however the small number of 
survivors means we lack the power to determine the extent of genotype by 
environment interaction and therefore cannot rule out the existence of genotype by 
environment variation in leaf shape.  
Most (82%) of the variation in the nine leaf traits across the survivors of the 
synthetic population planted out in the three different environments was associated 
with just two principal components (Table 2.1). The first principal component (58.6% 
of variance) was characterised by most traits (except two traits related to indentations) 
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contributing relatively equally and in the same direction, a pattern indicative of a size 
PC (Jorge and Jolliffe 1996). The second principal component (23.6% of phenotypic 
variance) is driven by indent density and dissection, traits that are more descriptive of 
leaf shape.   
To determine whether the differences seen between transplant survivors is due 
to the same selective pressure that may have driven the divergence of the wild 
populations we compared the major axis of phenotype variation, PC1, between 
transplant survivors and the wild populations (Figure 2.3). We found that mean values 
for PC1 are not significantly different (based on Tukey post hoc multiple comparison 
of means test) between wild populations and transplant survivors within Headland (p 
= 0.8) and Island (p = 0.35) environments. However, PC1 showed strong differences 
between environments, suggesting that selection on leaf shape, or an unmeasured 
correlated trait, is driving transplant survivors toward the mean phenotype of the wild 
populations. There is a larger difference between survivors and wild plants in the 
Dune environment, mainly due to the smaller leaf size that can be seen in the 
individual traits of transplanted individuals in the Dune environment (Figure 2.2). 
In survivors, there was a strong negative correlation between phenotypic 
distance from the mean value of PC1 in native populations from that environment and 
our fitness trait (biomass). In the Dune survivors, the correlation coefficient is -0.75 
(Figure 2.4), while in Island survivors it is -0.36. This suggests a strong reduction in 
fitness in individuals if they are dissimilar to the native local population. In the 
Headland, the correlation coefficient is smaller and positive (r = 0.24), although 
survivors in the Headland are most similar to the wild population and there is 
significantly less variance in PC1 scores in this environment (Levene’s F= 3.928, df = 
2, P = 0.021). This suggests that in the Headland environment, individuals towards the 
tails of leaf shape trait distributions do not survive, as they are dissimilar to the local 
population and are removed by selection. The main loadings on PC1 are also the traits 
in which headland survivors differ least from the natural headland population, 
suggesting that traits related to leaf size are under strong selection in this 
environment. 
 
Discussion 
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In this work, we showed that leaf shape divergence between ecotypes of S. 
lautus has a genetic basis, and that synthetic populations exposed to different 
ecological conditions during one generation diverged along the major axes of 
phenotypic variation between ecotypes. We also showed that the similarity of 
transplant survivors to wild populations was associated with fitness, suggesting these 
traits, or unmeasured but correlated traits were likely to be under divergent selection 
based on ecological differences between populations. This suggests a fundamental 
role of ecological differences in driving the evolutionary divergence of these 
ecotypes. 
Although they form morphologically discontinuous populations, ecotypes are 
not static products of divergent selection but may represent an intermediate stage in 
the larger process of speciation (Clausen et al. 1939; Lowry 2012). Divergence 
progresses through a series of stages from panmixia to isolated species (Seehausen et 
al. 2014), and the place on this continuum is due to the tension between selection and 
gene flow. Divergent selection within a pool of genetic variation may lead to 
phenotype environment correlations, while gene flow between diverging populations 
may constrain the emergence of these phenotype-environment correlations through 
recombination (Endler 1977; Felsenstein 1981).  
It is typically difficult to determine how the selective pressure has shaped 
variation in wild populations, as divergent selection has already removed many low 
fitness alleles from the population, and viability selection operating early in life 
further reduces the range of phenotypes observed in the population each generation 
(Mojica and Kelly 2010).  The main purpose of employing the synthetic hybrid 
population in these experiments is to generate a range of phenotypes outside those 
naturally found within the wild populations, and determine how selection may shape 
variation across a wider part of phenotypic space than is possible in un-manipulated 
populations (Lexer et al. 2003). Here, strong phenotypic differentiation between 
environments occurred within a single generation in the field, which suggests the 
strength of selection on native characters is quite strong in this system. 
Fitness in the Dune environment was strongly correlated with variation along 
the first major axis of leaf shape, which suggests that leaf size, or the underlying 
processes determining leaf size, are under selection in this environment. Conversely, 
the second major axis, relating to leaf shape, is more closely correlated to fitness in 
the Headland environment, which suggests leaf circularity and dissection may have 
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adaptive value in this environment. These selective pressures are aligned with the 
differences in leaf shape in the wild population, where dune plants generally have 
large leaves with serrated margins, and headland individuals have compact, obovate 
leaves (Radford et al. 2004; Bernal-Franco 2015). In the Island transplant, both PC1 
and PC2 were associated with fitness, suggesting larger leaves with lobular or dissect 
margins are favoured by selection, which is consistent with the leaf shape variation 
within the Island ecotype. 
The response to selection of survivors suggests that ecological differences 
between the three locations are one of the main drivers in the emergence of ecotypic 
trait differences. It is unclear whether the response in leaf shape is adaptive, or 
whether it is due to selection on an unmeasured but correlated trait (Nagy 1997). 
However, there are some consistent trends between leaf shape and environmental 
conditions (Nicotra et al. 2011), suggesting that leaf shape is associated with 
adaptation to ecological conditions. Reduction in leaf size, which was the major 
source of variation between these populations, is associated with exposure (Ackerly et 
al. 2002), elevated salinity and nutrient limitation (McDonald et al. 2003). Both high 
salinity and exposure (Richards unpublished data) characterize the Headland 
environment, where smaller leaves were present in both transplant survivors and the 
wild populations. In reduced salinity and elevated nutrient environments larger leaves 
might be expected, a pattern reflected in the results from the higher nutrient Island 
environment, and the reduced salinity dune environment. 
In the Headland environment, there was no statistical support for the 
hypothesis that fitness (biomass) was correlated with leaf phenotype deviation from 
the local mean. However, this is most likely due to reduced variance in these axes 
rather than the lack of a fitness relationship. Mean scores for PC1 are very close 
between survivors and the wild Headland population, with the least variance of the 
three transplant cohorts. This pattern is reflective of stabilising selection, as 
individuals at the tails of the phenotypic distribution are removed by selection, while 
the mean trait value does not change (Kingsolver and Pfennig 2007). This suggests a 
pattern of divergent selection between environments, and stabilising selection around 
the adaptive peaks within Headland and Island environments, which is consistent with 
predictions adaptive divergence based on divergent ecological conditions (Schluter 
2000), although the results from the Dune environment do not follow this pattern.  
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The decrease in fitness associated with phenotypic distance from the wild 
mean (Figure 2.4) and the similarity in leaf shape to the wild populations (Figure 2.3) 
is suggestive of the existence of stabilising selection on leaf shape in the Headland 
and Island environments. It is difficult to draw conclusions from the Dune 
environment, as transplant survivors had reduced growth, and produced smaller leaves 
than the wild population and as such the distribution of leaf shape variance does not 
overlap the wild mean of PC1, and it is unclear what the fitness implications of 
scoring above the wild mean would be. It is important to note that the individual plant 
with a PC1 score almost identical to the wild mean had the highest fitness, and that 
fitness decrease was highly correlated with dissimilarity, but we lack the data to 
determine if this is due to directional or stabilising selection.  
While the patterns of leaf shape variance are consistent with a response to 
stabilising selection, the observation of maximum fitness at an intermediate point on 
the phenotypic distribution may be an insufficient test for stabilising selection 
(Mitchell-Olds and Shaw 1987). Aspects of our data (outlined above) make it difficult 
to apply tests such as quadratic regression analysis (Chenoweth et al. 2007) to test for 
the negative quadratic selection gradient that is the signature of stabilising selection 
(Kingsolver et al. 2001), and we rely on the observation that, in two of the three 
environments, fitness was highest in transplant survivors that were most similar to the 
wild plants.  
It is also difficult to determine the exact adaptive significance of particular leaf 
phenotypes. Leaf shape can be highly dependent on plastic responses (Steinger et al. 
2003) and is controlled by pathways that determine many growth related traits in 
plants (Reinhardt and Kuhlemeier 2002). We are unable in the present study to 
determine whether the correlation between leaf shape and fitness is due to selection 
on leaf shape per se or selection on correlated aspects of phenotype or physiology that 
also influence leaf traits. Demonstrating direct, rather than correlated, selection when 
the characterization of phenotype is incomplete is a general problem in evolutionary 
biology. Several studies have circumvented this problem by measuring selection on 
artificially generated phenotypes (Brooks et al. 2005). While the specific target of 
selection remains unknown for our leaf phenotypes, it is clear that phenotypic 
divergence in leaf shape between populations is related in some way to adaptation to 
those environments. 
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While it is difficult to determine whether each native population is at its 
phenotypic optimum, the divergence of leaf shape phenotype in transplanted 
populations toward the character of the natural populations in each location is 
evidence that these phenotypes are associated with adaptations, and that ecotypic 
distinctions will be maintained by selection. If gene flow or migration were to occur 
between populations, selection should remove or substantially reduce fitness in those 
immigrants with different phenotypes, making the link between adaptation to 
divergent ecological conditions and the beginning of reproductive isolation. The 
substantial shift in phenotypes observed here within a single generation suggests that 
selection against immigrants could be strong in this system. These results are 
consistent with the definitions of the early proponents of the ecotype, where heritable 
adaptations to divergent ecological conditions do not simply produce morphological 
variants within a species distribution, but may be a step towards the generation of new 
species. 
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Figure 2.1. Leaf trait differences between populations grown in 
common garden experimental conditions.  
Central bars represent the median in each trait. Notches indicate 95% 
confidence interval of median, based on the interquartile range. Non-overlap of 
notches is strong evidence of differences in medians (Chambers 1983). Plots represent 
data from the 27 Dune (D, left in all panels) 32 Headland (H, centre) and 19 Island (I, 
right) plants grown in the greenhouse from field-collected seeds. 
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Figure 2.2. Leaf trait differences in field transplants and wild 
populations. 
Leaf trait distributions in Dune (D), Headland (H), and Island (I) environments 
from the transplant experiment. Field transplant survivors are allocated lower case, 
wild populations are noted in upper case. Central bars represent the median in each 
trait. Notches indicate 95% confidence interval of median, based on the interquartile 
range. Non-overlap of notches is strong evidence of differences in medians 
(Chambers 1983). 
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Figure 2.3. Main axis of leaf shape variation in field transplants 
and wild populations. 
Individual scores for the main axis of leaf shape variation (PC1) in transplant 
and wild populations. Transplant survivors have been subject to selection, suggesting 
that the similarity between transplant (red circles, small letter, left of each pair) and 
wild (blue circles, large letter, right of each pair) populations in the headland (H) and 
Island (I) populations is due to a response to ecological selective pressure. The 
response in the dune (D) is smaller as conditions were particularly harsh in that 
environment during the transplant and survivors did not grow large. 
 
 
 
 
Figure 2.4. Correllation between phenotypic distance and fitness 
Linear models describing the change in growth as a function of phenotypic 
distance from the mean PC1 score of the natural populations. Negative slopes show 
fitness is reduced in individuals that have increasingly different leaf morphology to 
wild populations. Colours represent the cross types present in the synthetic population 
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that was transplanted into each environment. Grey areas represent the 95% confidence 
interval of the model slope. Population code descriptions can be found in Table S2.3. 
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Table 2.1. Eigenvectors of Principal Component Analysis (PCA) 
on leaf shape traits. 
 
  PC1 PC2 PC3 PC4 PC5 
area 0.390 0.154 -0.340 0.064 0.182 
perimeter 0.426 0.103 0.032 0.076 0.187 
compactness 0.282 0.001 0.731 0.128 0.201 
Circularity -0.304 0.322 -0.374 0.521 0.393 
width 0.357 0.231 -0.058 0.496 -0.735 
length 0.424 -0.015 -0.107 -0.146 0.202 
numindent 0.388 0.217 -0.217 -0.263 0.207 
indentdens -0.135 0.626 -0.008 -0.574 -0.270 
dissection -0.136 0.608 0.383 0.189 0.202 
Eigenvalue 5.282 1.866 0.998 0.436 0.214 
Cumulative % 58.686 79.415 90.499 95.347 97.727 
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Table 2.2. Summary tables for univariate tests. 
 Univariate tests for trait differences between wild populations (Wild) and 
glasshouse grown individuals (GH). Variation in each trait is described by 
environment (Dune, Headland or Island) between the wild populations or source 
population (Dune, Headland or Island) in the glasshouse. Significant differences are 
outlined by bold p values. 
  Trait Source Df Sum Sq Mean Sq F p 
Wild area env 2 369728 184864 135.44 <2.2e-16 
  
Residuals 114 155604 1365 
  
 
perimeter env 2 122100 61050 267.28 <2.2e-16 
  
Residuals 114 26039 228 
  
 
compactness env 2 86479 43239 142.08 <2.2e-16 
  
Residuals 114 34694 304 
  
 
circularity env 2 6461.8 3230.9 34.055 2.54e-12 
  
Residuals 114 10815.6 94.9 
  
 
width env 2 311.38 155.688 63.004 <2.2e-16 
  
Residuals 114 281.7 2.471 
  
 
length env 2 20449.6 10224.8 224.67 <2.2e-16 
  
Residuals 114 5188.1 45.5 
  
 
# indents env 2 16171 8085.5 167.04 <2.2e-16 
  
Residuals 114 5518.1 48.4 
  
 
indent dens env 2 0.0824 0.041184 0.6621 0.5177 
  
Residuals 114 7.0906 0.062198 
  
 
dissection env 2 7.3981 3.6991 14.762 1.99e-06 
    Residuals 114 28.5652 0.2506     
GH area pop 2 694063 347032 31.268 2.56e-10 
  
Residuals 67 743604 11099 
  
 
perimeter pop 2 55054 27527.1 35.101 3.73e-11 
  
Residuals 67 52543 784.2 
  
 
compactness pop 2 9672 4836 22.487 3.37e-08 
  
Residuals 67 14409 215.1 
  
 
circularity pop 2 1551.7 775.87 2.2822 0.1099 
  
Residuals 67 22777.5 339.96 
  
 
width pop 2 164.32 82.158 7.6728 0.000999 
  
Residuals 67 717.42 10.708 
  
 
length pop 2 7846.3 3923.2 23.679 1.67e-08 
  
Residuals 67 11100.5 165.7 
  
 
#indent pop 2 1970 985.02 33.403 8.64e-11 
  
Residuals 67 1975.7 29.49 
  
 
indent dens pop 2 0.153 0.076477 0.9389 0.3961 
  
Residuals 67 5.4572 0.08145 
  
 
dissection pop 2 0.492 0.24611 0.2875 0.7511 
    Residuals 67 57.361 0.85614     
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S2.1. PCA clustering of soil components and plant morphology. 
 
Principal components analysis (PCA) of soil differences between 
environments (top) and 11 plant architecture traits when grown in common garden 
(bottom). Left hand panels plot the distribution of sites (top) or individual plants 
(bottom) in two dimensional soil (top) or phenotype (bottom) two-dimensional space 
associated with the first two PCs. Right hand panels indicated the loading (scaled 
from -1 to +1) of individual analysed traits onto the first (x-axis) and second (y-axis) 
PCs.  Phenotypic clustering in a common environment shows that trait differences 
between populations have a genetic basis; PC1 clearly distinguishes the Headland 
population from other sites, while Dune and Island are differentiated to some extent 
on PC1 but also PC2. 
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S2.2. Definition of leaf shape traits and the corresponding LAMINA 
morphometric outputs. 
 
Trait Corresponding LAMINA 
metric 
Definition 
Area Area2 Area (mm2) of leaf ignoring 
cavities 
Perimeter Perimeter2 Perimeter (excluding 
cavities) mm 
Compactness Squared perimeter2/Area2 Perimeter:Area ratio 
Circularity Circularity Overlap of leaf outline and 
circle of same area 
Width Horizontal size centre Leaf width at widest point 
(mm) 
Length Vertical size centre Leaf length at longest point 
(mm) 
Indents Number of indents Number of serrations/indents 
Indent density Number of indents/vertical 
size centre 
Number of serrations per mm 
of leaf length 
dissection Perimeter2/vertical size 
centre 
Perimeter:Length ratio 
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S2.3 Cross type Descriptions 
Cross type Name Description 
Ancestors AD4 Wild Collected Dune 
 
AH5 Wild Collected headland 
 
AMB Wild Collected Muttonbird Island 
Parents PD4 Cross within Dune Ancestors in Glasshouse 
 
PH5 Cross within Headland Ancestors in Glasshouse 
 
PMB Cross within Island Ancestors in Glasshouse 
F1 F1HD 1st Generation hybrid between Headland -Dune parents 
 
F1MBD 1st Generation hybrid between Island -Dune parents 
 
F1MBH 1st Generation hybrid between Island-Headland parents 
Backcross BCDH Backcross F1HD to Dune  
 
BCDMB Backcross F1DMB to Dune  
 
BCHD Backcross F1HD to Headland 
 
BCHMB Backcross F1MBH to Headland 
 
BCMBH Backcross F1MBH to Island 
F2 F2HD Cross within F1HD 
 
F2MBD Cross within F1MBD 
  F2MBH Cross within F1MBH 
   
 44 
 
Chapter 3 
Immigrant inviability produces a strong barrier 
to gene flow between parapatric ecotypes of 
Senecio lautus 
 
Abstract 
Speciation proceeds when gene exchange is prevented between populations. 
Determining the different barriers preventing gene flow can therefore give insights 
into the factors driving and maintaining species boundaries. These reproductive 
barriers may result from intrinsic genetic incompatibilities between populations, from 
extrinsic environmental differences between populations, or a combination of both 
mechanisms. We investigated the potential barriers to gene exchange between three 
adjacent ecotypes of an Australian wildflower to determine the strength of individual 
barriers and the degree of overall isolation between populations. We found almost 
complete isolation between the three populations mainly due to premating extrinsic 
barriers. Intrinsic genetic barriers were weak and variable amongst populations. There 
were asymmetries in some intrinsic barriers due to the origin of cytoplasm in hybrids, 
which combined with weak selection against hybrids has the potential to facilitate 
gene flow in the system, specifically from Dune and Headland ecotypes into the 
Island ecotype. Overall, these results suggest that reproductive isolation between these 
three populations is almost complete despite the absence of geographic barriers, and 
that the main drivers of this isolation are ecologically based, consistent with the 
mechanisms underlying ecological speciation. 
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Introduction 
Speciation is the process whereby groups of individuals become 
reproductively isolated from other similar groups (Coyne & Orr 2004). Therefore, 
understanding the factors that prevent gene flow and the way they contribute to 
reproductive isolation (RI) can provide novel insights into the evolutionary processes 
driving the formation of new species (Sobel et al. 2010). While the potential barriers 
preventing gene flow in plants have been known for some time (Stebbins 1950), only 
recently have the cumulative effects of multiple barriers been investigated using a 
common framework (Ramsey et al. 2003; Lowry et al. 2008b; Baack et al. 2015). 
Reproductive isolation can arise in a number of ways, and can either prevent 
hybridization (prezygotic barriers) or prevent hybrids from breeding (postzygotic 
barriers). These barriers may be independent of the environment in which they are 
measured (intrinsic) and originate from the evolution of incompatible genetic 
differences between populations (Orr and Turelli 2001), or act only in the local 
habitats of the diverging populations (extrinsic), and arise as a result of adaptation to 
environmental differences between populations. There is growing evidence that 
adaptation to local environmental conditions has a significant influence on patterns of 
reproductive isolation (eg. Funk et al. 2006). Although events such as genome 
duplications can lead to complete isolation from a single reproductive barrier, 
complete isolation is more commonly caused by the cumulative effect of multiple 
incomplete barriers (Lowry et al. 2008a; Matsubayashi and Katakura 2009; Baack et 
al. 2015). 
Prezygotic barriers prevent hybridization by preventing the formation of a 
zygote. These barriers arise from differences between populations that can prevent 
mate recognition, such as flower color and shape (Ramsey et al. 2003; Kay 2006) or 
differences in reproductive timing (Runquist et al. 2014). Environmental, or extrinsic, 
factors can also prevent gene flow by reducing the viability of migrants adapted to 
alternative environmental conditions (Nosil et al. 2005b), or can arise due to eco-
geographic isolation (Sobel and Streisfeld 2015). Prezygotic barriers act earlier in life 
history and are often stronger than postzygotic barriers (Ramsey et al. 2003; Coyne 
and Orr 2004; Nosil et al. 2005a; Kay 2006), which arise after mating has occurred. 
Postzygotic barriers prevent backcrossing and movement of genes from one 
population into another. They are frequently asymmetrical, in that they may prevent 
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gene flow in one direction but not the other (Tiffin et al. 2001; Moyle et al. 2004; 
Turelli and Moyle 2007; Gosden et al. 2015), and also increase in strength as 
populations diverge (Coyne and Orr 1989).  
These different forms of isolation are not mutually exclusive, and many 
incomplete barriers may contribute to the overall strength of RI between populations 
(Martin and Willis 2007; Sobel and Chen 2014). Barriers also occur sequentially so 
that barriers occurring early in life history may have a larger relative impact on gene 
flow than late acting barriers, independent on the individual strength of a particular 
barrier (Coyne and Orr 2004). Subsequent barriers can only reduce gene flow that has 
not already been eliminated earlier in time. The sequential nature of barriers means 
that prezygotic barriers make a greater overall contribution to total isolation, even 
when postzygotic barriers are strong (Jiggins et al. 2001; Kirkpatrick and Ravigne 
2002; Price and Bouvier 2002; Ramsey et al. 2003; Lowry et al. 2008b; Sobel et al. 
2010). It is therefore important to include as many barriers as possible to obtain 
unbiased estimates of the relative importance of individual barriers (Kay 2006).  
Attempting to isolate the mechanisms initially preventing gene flow is further 
complicated by the fact that reproductive barriers continue to evolve after complete 
isolation is achieved (Orr and Turelli 2001; Coyne and Orr 2004; Rieseberg and 
Blackman 2010). This means that contemporary studies may not indicate the causes 
of RI at the time of speciation, and whether they evolved in the face of gene flow. 
Intrinsic postzygotic barriers are important as they can complete the speciation 
process, but when speciation is driven by divergent selection these reproductive 
barriers may evolve after RI is complete (Martin and Willis 2007; Sobel et al. 2010; 
see Seehausen et al. 2014, Box 2). The continuous nature of divergence means that 
determining the barriers present between closely related populations gives the most 
accurate insight into the mechanisms of speciation (Sobel et al. 2010; Gosden et al. 
2015).  
Senecio lautus (Variable groundsel) is an outcrossing, short-lived perennial 
herbaceous plant with multiple morphological variants correlated with specific 
environmental conditions (Ornduff 1964; Radford et al. 2004). There is a growing 
body of evidence that suggests populations have repeatedly diverged in parapatry 
along environmental gradients (Roda et al. 2013a; Roda et al. 2013b) and that these 
populations have diverged recently (Roda et al. 2013a). This work concentrates on 
three parapatric ecotypes that form a monophyletic group at Coffs Harbour, Australia. 
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This provides an ideal framework to identify the degree to which these adjacent 
populations are reproductively isolated by quantifying the effects of intrinsic genetic 
differences and divergent environmental conditions on gene exchange. We estimate 
the strength of nine possible barriers to gene flow, and calculate which of these 
contributes to total reproductive isolation between these three populations. Further, 
because our populations have contrasting but adjacent habitats and gene flow is 
expected to hinder local adaptation, we also investigated the degree of local 
adaptation between these populations of Senecio lautus. 
 
Materials and Methods 
Plant material 
All seeds for these experiments were derived from seeds collected from three 
wild populations at Coffs Harbour in November 2010. These three populations 
represent ecotypes within the S. lautus species complex growing in sand dunes at 
Boambee Beach (S 30° 18' 45.28", E 153° 8' 21.43", Dune type), rocky headland 
environment with clay based soil at Corambirra Point (S 30° 18' 44.09", E 153° 8' 
41.51", Headland type), and a near-shore island seabird colony on Mutton Bird Island 
(S 30° 18' 19.67", E 153° 8’ 57.27", Island type). We created Parental families 
through one round of controlled crossing within each wild population, and generated 
F1 families through crosses between parental populations. All crosses were performed 
under glasshouse conditions at The University of Queensland. 
 
Prezygotic barriers affecting co-occurrence 
Barrier calculation 
Throughout this experiment we calculate the strength of each barrier using 
variations of Equation RI4a outlined in Sobel and Chen (2014), where H represents 
the probability of heterospecific mating and C represents the probability of 
conspecific mating. 
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𝑅𝐼4𝑎 = 1 − 2 (
𝐻
𝐻 + 𝐶
 ) 
We use this language here for consistency with Sobel and Chen (2014), 
however the interpretation of H and C are slightly different for each barrier measured. 
These differences are explained in the following methods for each individual barrier. 
Phenology 
To assess the overlap in flowering time between ecotypes, we established 
transects across the full distribution of each population. Transects consisted of twelve 
4 x 20m plots in which all growing plants were counted and categorized as flowering 
or not. Plots were separated by 20-30 metres in the island and headland populations, 
and by 500m in the Dune, as the Dune population is distributed over a greater area. 
Counts were taken monthly between February 2013 and April 2014, with the 
exception of March and November 2013, and February 2014. 
Estimates of reproductive isolation were calculated using equation RI4S2 from 
the supplementary material of Sobel and Chen (2014) which is an expansion of RI4a 
above, where the probability of conspecific vs heterospecific mating is calculated 
using the proportion of individuals from each ecotype that flower in a given month 
while controlling for the relative abundance of each ecotype.  
In this case, the probability of heterospecific mating based on phenology, Hp, 
in population A is represented by estimating the proportion of population A available 
for mating in month i to the total number of individuals from Population A flowering 
over the season (Ai/Atot), multiplied by the relative proportion of Population B 
flowering in month i (Bi/(Ai+Bi)). These estimates are summed across all months in 
the year, and then standardized by relative size of population B. 
𝐻𝑝 =
∑ (
𝐴𝑖
𝐴𝑡𝑜𝑡
×
𝐵𝑖
𝐴𝑖 + 𝐵𝑖
)𝑖
𝐵𝑡𝑜𝑡
(𝐴𝑡𝑜𝑡 + 𝐵𝑡𝑜𝑡)
 
The probability of conspecific mating based on phenology, Cp, in population A 
is determined by the same proportion of population A available to mate over the year, 
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which is the same as the numerator for equation H, standardized by the relative size of 
population A, so that: 
𝐶𝑝 =
∑ (
𝐴𝑖
𝐴𝑡𝑜𝑡
×
𝐵𝑖
𝐴𝑖 + 𝐵𝑖
)𝑖
𝐴𝑡𝑜𝑡
(𝐴𝑡𝑜𝑡 + 𝐵𝑡𝑜𝑡)
 
When substituted into: 
𝑅𝐼𝑝 = 1 − 2(
𝐻𝑝
𝐻𝑝 + 𝐶𝑝
 ) 
Yields: 
𝑅𝐼𝑝 = 1 − 2
(
 
 
 
 
 
∑ (
𝐴𝑖
𝐴𝑡𝑜𝑡
×
𝐵𝑖
𝐴𝑖 + 𝐵𝑖
)𝑖
𝐵𝑡𝑜𝑡
(𝐴𝑡𝑜𝑡 + 𝐵𝑡𝑜𝑡)
∑ (
𝐴𝑖
𝐴𝑡𝑜𝑡
×
𝐵𝑖
𝐴𝑖 + 𝐵𝑖
)𝑖
𝐵𝑡𝑜𝑡
(𝐴𝑡𝑜𝑡 + 𝐵𝑡𝑜𝑡)
+
∑ (
𝐴𝑖
𝐴𝑡𝑜𝑡
×
𝐵𝑖
𝐴𝑖 + 𝐵𝑖
)𝑖
𝐴𝑡𝑜𝑡
(𝐴𝑡𝑜𝑡 + 𝐵𝑡𝑜𝑡) )
 
 
 
 
 
 
 
 
Immigrant inviability 
To determine the effects of local adaptation on immigrant inviability we 
conducted reciprocal transplant experiments between the three populations (see plant 
material). In each environment, we planted Parental and F1 cross types derived from 
the three populations. We included four individuals from 15 families per cross type in 
each environment leading to 60 individuals per genotype per environment. Seeds were 
glued to toothpicks using Selleys Quick Fix supa glue gel and planted into four blocks 
per environment. Each block consisted of one 400 x 600mm grid, and seeds were 
planted out in a completely randomized block design. To maximize germination, all 
blocks were covered with 50% shade cloth, and watered daily for the first month of 
the experiment, after which the shade cloth was replaced with bird netting. The field 
transplant was conducted between April and November 2014, at which point all 
surviving plants were harvested, and we recorded wet mass (g) and the number of 
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flowers on each plant. We used wet mass, instead of the more common measure of 
dry mass, to reduce the effect of measurement error when weighing near-zero dry 
mass of very small plants. 
Here we calculate the strength of both pre and postzygotic immigrant 
inviability based upon relative growth and flower number between local and foreign 
crosstypes in each environment. To calculate immigrant inviability based on growth 
(RIiig) we substitute into equation RI4a from Sobel and Chen (2014),  
𝑅𝐼𝑖𝑖(𝑔) = 1 − 2(
𝐵𝑖
𝐵𝑖+𝐵𝑙
 ) 
where 𝐵𝑖 is the sum of biomass for all surviving plants from each immigrant 
genotype and 𝐵𝑙 the sum of biomass for all surviving individuals from the local 
parent. Similarly for flower count, immigrant inviability based on flowering 
differnces RIii(g) is determined by the total number of flowers attributed to the 
immigrant genotype (Fi), and the total number of flowers attributed to the local parent 
genotype (Fl) which produces: 
𝑅𝐼𝑖𝑖(𝑓) = 1 − 2(
𝐹𝑖
𝐹𝑖 + 𝐹𝑙
 ) 
 By creating a composite measure of immigrant viability, we can account not 
only for growth or flower production, but incorporate information about the number 
of survivors as well as growth in each local or immigrant population. 
Prezygotic immigrant inviability was calculated within each transplant 
environment between the parental genotype of the local population and each 
immigrant parental population. Postzygotic immigrant inviability was calculated 
within transplant environment between the local parental genotype and each F1 hybrid 
genotype. We condensed reciprocal crosses into a single F1 hybrid genotype 
depending on the original parental populations (e.g., F1DH, F1DI, F1IH). We also 
calculated RI from the local parental population to an average across all F1 hybrids to 
determine whether there are any general barriers to outcrossing from parental 
crosstypes to hybrids. 
Postzygotic barriers 
F1 viability 
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Intrinsic germination rate was calculated using data from two experiments 
conducted under controlled temperature conditions at The University of Queensland. 
In both experiments, seeds were scarified and placed on moist filter paper in 40mm 
glass petri dishes under dark conditions for three days, then exposed to a 12 hr light –
dark cycle. Experiment 1 included six seeds each from 20 parental families from 
Dune, Headland and Island ecotypes, with an overall total of 360 seeds. Experiment 2 
was smaller and included 1 seed per family for reciprocal hybrid crosses as well as 
parentals, with a total of 74 seeds (D=12, DH=6, HD=5, H=11, HI=8, IH=6, I=6, 
ID=10, DI=10). This experiment was small due to low seed availability and therefore 
we combined the results from both experiments to bolster sample sizes as much as 
possible. Germination was scored as the emergence of cotyledons from the seed case. 
Numbers from both experiments were pooled and germination rate was calculated as 
the proportion of total seeds that germinated per genotype. We calculated the strength 
of intrinsic germination differences using the following equation based on RI4a from 
Sobel and Chen (2014), 
𝑅𝐼𝑖𝑛𝑡𝐺 = 1 − 2(
𝐺ℎ𝑦𝑏𝑟𝑖𝑑
𝐺ℎ𝑦𝑏𝑟𝑖𝑑 + 𝐺𝑝𝑎𝑟𝑒𝑛𝑡
 ) 
Where G equals germination rate. Reproductive isolation was calculated 
between parents and each reciprocal hybrid cross to determine differences between 
cytoplasmic origin, and parents and the mean hybrid germination rate across both 
reciprocal crosses. 
F1 fecundity 
Plants were grown to maturity in greenhouses at the University of Queensland 
and the number of flowers produced during the flowering stage recorded. Intrinsic 
fecundity was measured by counting the average number of flowers per plant for each 
parent and both reciprocal hybrid crosses. We used the following equation to calculate 
intrinsic barriers arising from flower count differences (RIintF), where F is the average 
flower number for each hybrid and parental crosstype.  
𝑅𝐼𝑖𝑛𝑡𝐹 = 1 − 2(
𝐹ℎ𝑦𝑏𝑟𝑖𝑑
𝐹ℎ𝑦𝑏𝑟𝑖𝑑 + 𝐹𝑝𝑎𝑟𝑒𝑛𝑡
 ) 
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We calculated RI between parents and each reciprocal cross, and parents to 
mean hybrid flower number. We also calculated RI between each parent and the mean 
of all other genotypes to gain an estimate of the barriers to outcrossing within all 
possible genotypes of the system.  
Relative contribution of barriers to overall isolation 
To calculate the contribution of each individual barrier to total RI, we aligned 
each estimate of barrier strength in chronological order of life history stage from seed 
production, germination, growth and flowering, then substituted the values into the 
spreadsheet calculator provide in the supplementary material of Sobel and Chen 
(2014). We included flowering time overlap and growth and flower production of 
parental immigrants as prezygotic barriers affecting co-occurrence. Intrinsic 
germination rate and flowering, and growth and flowering of hybrids in the field 
transplant were included as postzygotic barriers. In some cases, barrier strength was 
one, which isolates populations completely. In these cases, we removed that barrier 
and repeated the analysis with all non-complete barriers. Output from both tests is 
presented in Table S1. 
Local adaptation 
We calculated the extent of local adaptation across the three populations by 
calculating the difference in viability of local versus foreign individuals extracted 
from a reciprocal transplant experiment We focus our comparison between local and 
foreign genotypes within a single environment, rather than comparing a single 
genotype in home and away environments (Kawecki and Ebert 2004). The local 
versus foreign approach is better aligned conceptually with our calculation of 
reproductive isolating barriers, such as immigrant inviability, where RI is derived 
from a comparison of local and immigrant fitness within a single environment. We 
determined relative fitness differences based on pairwise comparison of the mean 
days lived by each local and foreign population within each environment, and 
substituted these values into Equation (1) from Hereford (2009), where local 
adaptation is the relative fitness (W) of the local population (Population 1) minus the 
relative fitness of the foreign population (Population 2), standardized by the mean 
fitness of both populations at that site (Site 1): 
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𝐿𝐴 =
𝑊𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 1 − 𝑊𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 2
𝑊𝑆𝑖𝑡𝑒 1
 
We calculated local adaptation using wild collected and glasshouse generated 
seeds from each ecotype to determine whether maternal environmental effects (field 
site versus common garden) influenced relative fitness. Local adaptation can be 
inferred from positive values, while negative values describe increased relative fitness 
of immigrants.  
 
Results 
Prezygotic barriers affecting co-occurrence 
Phenology 
Flowering time was largely concordant across the three populations. The 
number of flowering plants was consistently larger in the Dune than in the Headland 
or Island populations (Figure 3.1A), and the main flowering season occurred during 
the autumn and winter seasons between February and September. This also 
corresponded with the number of plants alive, with all populations reducing in size 
over the summer months.  
Immigrant inviability of parents 
There was a strong pattern of immigrant inviability between the three 
populations. In each environment, immigrant genotypes contributed a much smaller 
proportion of the overall biomass produced by surviving plants (Figure 3.1B), 
showing that immigrants had lower survival, and immigrant individuals had lower 
growth if they did survive. Immigrant genotypes also flowered less than local 
genotypes (Figure 3.2). In the Headland environment, local parents were the only 
plants to produce flowers (Dune= 0 plants, Headland=37 plants, Island=0 plants 
flowered), while in the island environment, Island locals flowered five times more 
than Headland immigrants, and Dune plants failed to flower (Dune = 0 plants, 
Headland = 10 plants, Island  50 plants). In the Dune environment, plants grew less 
and no flowers were produced by any genotype, most likely due to a particularly 
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harsh season where rainfall was less than a third of the monthly average over the 
duration of the experiment. High mortality in all genotypes as a result of drought 
conditions may reduce the effects of divergent selection and therefore reduce the 
contrasts between genotypes as all are suffering, although the local Dune genotype 
still accounts for the highest proportion of biomass production in survivors from this 
transplant experiment (Figure 3.1B). 
Postzygotic barriers 
Intrinsic germination rate  
Intrinsic germination rate was generally lower in hybrids than in parental 
types, although hybrids between Headland and Dune ecotypes with Headland 
cytoplasm showed heterosis, and complete germination (Figure 3.1C). Island seeds 
had the lowest germination success of the parental genotypes (67%) while Headland 
(82%) was higher than Dune (78%). Dune-Island hybrids with Island cytoplasm had 
increased germination (60%) over hybrids with Dune cytoplasm (40%). 
Intrinsic flower number 
Genotype had a significant effect on number of flowers produced (F(8,99) = 
6.54, P = 7.88 e
-07
), a result largely driven by the low production of plants with an 
Island cytoplasm origin (Fig 3.1D). Headland–Dune hybrids with headland cytoplasm 
again showed a pattern consistent with heterosis, with the highest flower production. 
Flower production was variable between genotypes, although mean flower count was 
16.57 (SD = 13.69) flowers per plant.  
Immigrant inviability of F1 hybrids 
Hybrid genotypes accumulated less biomass than local genotypes in all three 
transplant environments (Figure 3.1B). This pattern was less severe in the dune 
environment, where Dune parents accumulated 44%, followed by hybrids between 
Dune and Headland (F1HD= 26.4%), Island-Headland (F1IH = 16.8%) and Dune-
Island (F1ID = 7.5%). However total biomass accumulated by all genotypes in the 
Dune was much less than the other two environments. In the headland environment, 
hybrid genotypes collectively accounted for only 14.1% of biomass compared with 
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84.8% in parentals, while in the Island hybrids between Dune and Island populations 
produced 31.6% compared with the Island parents at 59.4% (Figure 3.1B). 
Strength and relative contributions: Pre- and postzygotic barriers 
Due to the different population sizes, the strength of flowering time as a 
reproductive barrier was asymmetrical. Flowering time provided a moderate barrier to 
gene flow, isolating Headland plants from incoming Dune pollen, while facilitating 
gene flow from the Headland plants into the Dune population (Figure 3.2A). 
Similarly, there was a pattern of asymmetric isolation between Dune and Island 
populations, where the greater number of Dune plants flowering increases the 
probability of heterospecific matings occurring due to pollen flow from Dune to 
Island rather than Island to Dune (Figure 3.2B). 
Although there were differences between hybrid and parental germination 
rates, these differences were small and therefore did not produce a large deviation 
from random mating expectations. Thus, it seems that intrinsic germination rates of 
hybrids between Dune and Headland populations facilitated gene flow in both 
directions (Figure 3. 2A). Similarly, intrinsic germination rate provided a weak barrier 
to gene flow between Dune–Island (Figure 3.2B), and Headland–Island populations 
(Figure 3.2C). In both comparisons, there was an asymmetry in the strength of 
isolation based on the direction of hybridization, with a slight increase in the barrier 
strength when parentals were compared to hybrids with cytoplasm from the 
alternative population. However, the calculation of F1 germination and fecundity in 
controlled conditions may be different to patterns in the wild, and therefore may have 
limitations when interpreting their effects on reproductive isolation in the wild. 
The implications of each barrier are slightly different when we consider the 
strength of individual barriers and the contribution of many barriers to total RI. 
Strength is the ‘absolute value’ of barriers and can be contrasted to determine which 
categories of reproductive isolation are strongest. The cumulative effects account for 
the contribution of each barrier to total isolation in sequence. As such, postzygotic 
barriers that are strong may contribute little to overall isolation, as earlier barriers may 
already effectively isolate populations. These is the case between Dune and Headland 
populations, where postzygotic barriers associated with hybrid immigrant inviability 
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are very strong, but contribute little to total isolation due to the effect of strong 
immigrant inviability between parents occurring before. 
When we consider the relative effect sizes of extrinsic and intrinsic barriers to 
gene flow, extrinsic barriers are strong overall and prevent gene flow, while intrinsic 
barriers are either weak or facilitate gene flow (Figure 3.3A). Extrinsic prezygotic and 
postzygotic barriers have a similar strength (Figure 3.3A), while prezygotic barriers 
have a larger relative contribution to total isolation as they occur earlier in the life 
history sequence (Figure 3.3B).  This pattern is largely driven by immigrant 
inviability of both parents (prezygotic) and hybrids (postzygotic). 
Local adaptation  
All populations showed a pattern of local adaptation based on reduced 
immigrant viability. This is evident from positive values of the local adaptation index 
in all populations suggesting plants from local populations lived longer. The pattern 
was strongest in the headland environment, where Headland locals displayed a 91% 
fitness increase over Dune immigrants and 57% increase over Island immigrants. In 
the Island, the fitness of locals was 50% greater than Dune immigrants and 67% 
greater than Headland immigrants. Local adaptation was lowest in the Dune 
environment, although local Dune plants still had 12% higher fitness than Headland 
and 23% higher fitness than Island immigrants. This relatively low measure may be 
due to the overall harshness of the Dune environment leading to high mortality in all 
cross types which may have obscured the distinctions between locals and immigrants. 
 
Discussion 
The main aim of this study was to determine the strength and relative 
importance of intrinsic and extrinsic barriers to gene flow, and estimate levels of RI 
between closely related parapatric ecotypes of Senecio lautus. We quantified the 
strength and cumulative effect of three intrinsic and four extrinsic barriers to gene 
flow and found strong effect of immigrant inviability as a mechanism preventing gene 
flow between these three populations. Consistent with strong immigrant inviability, 
we also observe strong patterns of local adaptation, suggesting that adaptation to the 
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contrasting environmental conditions between populations may be the main driver of 
RI.  
Strength and contribution of barriers 
The impact of a single barrier on gene flow depends on both the effect size of 
the barrier and its timing relative to other barriers. This is because subsequent barriers 
can only reduce gene flow that remains after preceding barriers have occurred. 
Consistent with previous studies, we find prezygotic barriers contribute most to 
overall RI (summarized in Lowry et al. 2008b; Baack et al. 2015), however the 
relative contributions of each barrier were different between ecotypes. 
While phenology contributes weakly to total isolation in the Island population, 
it does not deviate from random mating in the Headland and facilitates gene flow in 
the Dune. The other prezygotic barriers, which contribute to immigrant inviability, 
largely prevent gene flow amongst the populations. In the Headland environment, the 
low growth of immigrants leads to near complete isolation. Therefore, although 
subsequent extrinsic barriers also have an equally large effect size, prezygotic barriers 
contribute more to total isolation (Figure 3. 3B). A similar situation arises in the Dune 
environment where gene flow is facilitated by overlapping phenology, but very strong 
immigrant inviability leads to almost complete reproductive isolation. 
An important consideration when assessing the relative importance of 
isolating barriers is that individual barriers are not necessarily independent (Martin 
and Willis 2007; Sobel et al. 2010). Lowry et al. (2008b) solve this to some extent by 
collapsing individual barriers into categories based on the timing (pre- or postzygotic) 
of intrinsic and extrinsic mechanisms, a method we also employ in this study. We find 
both pre- and postzygotic extrinsic mechanisms act to prevent gene flow between the 
three populations of S. lautus from Coffs Harbour while intrinsic mechanisms weakly 
facilitate gene flow. Consistent with recent reviews of the comparative strength of 
reproductive barriers (Lowry et al. 2008b; Baack et al. 2015), prezygotic barriers have 
a larger contribution to overall isolation than postzygotic barriers, and measures of 
immigrant inviability were the strongest individual barriers. Similarly, we found the 
strength extrinsic postzygotic barriers to be variable, producing strong isolation of the 
Headland population, but weaker in measures of inviability in the Dune and 
asymmetric between Dune-Island hybrids.  
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As the bulk of reproductive isolation is produced by extrinsic rather than 
intrinsic mechanisms, our results also implicate ecologically based divergent natural 
selection as an important factor driving speciation (Nosil et al. 2005a). This pattern 
also suggests that these Senecio populations may be in the early stages of divergence 
as they have a genetic basis for divergent traits that may confer local adaptation 
(Schluter 2001, Table 1), but have not yet accumulated sufficient genetic differences 
to lead to intrinsic hybrid breakdown (Seehausen et al. 2014).  
Asymmetry due to cytoplasm 
Asymmetry in the strength of barriers between populations may be common 
although it is generally greater in postzygotic barriers (Lowry et al. 2008a). We find 
asymmetry in both pre and postzygotic barriers, although the explanations for each 
stage are probably different. Asymmetry in flowering time is present between the 
Dune and the other two populations but not between the Headland and Island 
populations. This result is largely driven by the difference in relative abundance of 
each population rather than the genetic mechanisms that asymmetrically reduce gene 
exchange, such as unidirectional inheritance (Tiffin et al. 2001; Turelli and Moyle 
2007) implicated in postzygotic asymmetry.  
There is also asymmetry in the intrinsic postzygotic barriers associated with 
hybrid flower production in crosses involving the Island ecotype. Between Headland 
and Island populations, asymmetries could imply gene flow is more likely from the 
Headland population toward the Island rather than the opposite direction. The result is 
more complex between Dune and Island hybrids as the origin of the hybrid cytoplasm 
also affects the asymmetry. For instance, in the Island environment, hybrids formed 
between immigrant pollen and local ovules (i.e., Dune pollen, Island cytoplasm) may 
have higher flower production than hybrids derived from immigrant seed (Island 
pollen, Dune cytoplasm). This result is consistent with the prediction that gene flow is 
more likely from a single migration event, pollen migration from site 1 to site 2, 
rather than multiple events, pollen migration from site 1 to 2 then return of hybrid 
seed from site 2 -1. Asymmetries in specific barriers may allow us to predict the 
probabilities of different modes of gene flow occurring, although it is important to 
note that intrinsic differences in flowering were measured under glasshouse 
conditions, which may be quite different to flower production under field conditions.  
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Estimates of the barrier strength of intrinsic flower production suggest that the 
low flower production by Island plants in the common garden has the potential to 
facilitate introgression when hybrids have local Island cytoplasm.. This then leads to 
the hypothesis that pollen mediated migration may occur more readily than seed 
dispersal due to the barrier strength against pollen being weaker than seed. This 
scenario is intuitively more likely as the flow of pollen into the island population from 
the other populations may occur more frequently than the flow of pollen out of the 
island, fertilization and production of hybrid seeds in Dune or Headland populations, 
then the return of hybrid seeds to the Island environment. However it is import ant to 
note that the negative barrier strength in the Island popualtion could also be the result 
of low fecundity of Island plants in the glasshouse environment and may not reflect 
true patterns in the wild popualtions. 
Local adaptation 
Many factors can contribute to local adaptation, however when local 
adaptation itself reduces gene flow between divergent populations it implies a direct 
link between ecologically divergent natural selection and the process of speciation. As 
populations colonize or adapt to different environments, selection against migrants 
can lead to reproductive isolation (Hendry 2004). This link is the basis of immigrant 
inviability (Nosil et al. 2005b) and is fundamental to the predictions of ecological 
speciation. In all populations, immigrant inviability based on growth provides a strong 
barrier, with a mean strength of 0.84 (SD=0.26) between parents, and 0.73 (SD = 
0.27) in hybrids. We also see a high degree of local adaptation, calculated by the 
difference in lifespan of immigrants and locals. Stronger immigrant inviability has 
been reported in pure parents rather than hybrids in a range of plant species (Lowry et 
al. 2008c; Baack et al. 2015) which suggests a tradeoff between fitness and adaptation 
to alternative habitats in immigrants has a greater effect than the extrinsic postzygotic 
fitness effects which manifest in hybrids (Baack et al. 2015, Table 2). 
Collectively, the strong patterns of immigrant inviability and local adaptation 
provide strong evidence for the role of divergent natural selection in maintaining 
discontinuities between these three populations (Schluter 2001). While we are unable 
to determine the initial causes of divergence by looking at current barriers acting in 
populations, the presence of extrinsic barriers and general lack of barriers based on 
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intrinsic genetic incompatibilities suggests that these populations are at an early stage 
along the speciation continuum (Seehausen et al. 2014, Box 2), and that divergence is 
following a pattern of ecological speciation rather than the alternatives of mutation 
order or chromosomal duplications (Schluter and Conte 2009). 
Considerations and conclusions 
Throughout all calculations of reproductive barriers we make some 
assumptions. We assume that ecotypes occur in sympatry, which effectively scales 
eco-geographic isolation to zero. Ecotypes do show strong spatial organization, so 
eco-geographic isolation probably influences gene flow between populations to some 
degree, however the close proximity between populations (a few meters between the 
Dune and Headland, 1.2km between Dune and Island and 850m between Dune and 
Headland) means that populations are well within the foraging range of generalist 
pollinators such as honey bees (Apis mellifera) and painted lady butterflies (Vanessa 
(Cynthia) kershawi), both of which have been observed in all populations. 
Determining the appropriate spatial scale to classify eco-geographic overlap requires 
detailed knowledge of seed and pollen dispersal (Baack et al. 2015), which we lack in 
this study. Therefore, to maintain conservative estimates of isolation we assume 
sympatry, as the strict definition of shared and unshared area (Sobel and Chen 2014) 
would scale eco-geographic isolation to 1, which may inflate estimates of 
reproductive isolation within the system, and obscure the signal of any subsequent 
barriers.  
Similarly, we assume pollinator guilds are consistent between populations 
based upon the presence of generalist pollinators in all three environments (Richards 
pers. obs.) and consistency of pollinators in other studies of Senecio lautus (White 
2008).  While there is some evidence to suggest there may be strong effects of 
pollinator heterogeneity within environments (Janovsky et al. 2013), we assume 
pollinator constancy here to maintain conservative estimates of reproductive barriers. 
The measures of intrinsic F1 fitness in this study were derived from 
experiments under controlled glasshouse conditions. Although intrinsic barriers do not 
have a large effect on total RI between the populations, it is important to acknowledge 
that hybrid fitness may be considerably different between glasshouse and wild 
conditions. The main purpose of including these measures is to illustrate that there is 
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little fitness reduction in hybrids as a result of genetic incompatibilities between 
parental populations, however there may be significant environmental influences on 
fitness, as seen in the measures of immigrant hybrid growth and flowering (Figure 3. 
2), that strongly influence patterns of reproductive isolation. 
It is important to note that this experiment spanned the course of one year, 
which was abnormally dry. This means that estimates of barrier strength may be high, 
as the harsh conditions produced high mortality. While these are not ideal conditions 
for an experiment to be conducted under, they reflect the conditions faced by the wild 
populations, and as such reflect the selection pressures that occur. Inter-annual 
variation in weather conditions will affect the strength of isolating barriers, although it 
is difficult to determine the extent of this influence without multiple transplant 
experiments over many years. 
Overall, these results suggest that reproductive isolation between the ecotypes 
is primarily driven by ecological factors. The strong pattern of local adaptation 
coupled with the strong barriers associated with immigrant inviability in both parents 
and hybrid genotypes, and the negligible effects of intrinsic genetic barriers are all 
consistent with a recent divergence driven by adaptation to divergent environmental 
conditions. Along with other evidence from the S. lautus species complex (Roda et al. 
2013b), this suggests a fundamental role for ecology in driving reproductive isolation 
in this system. 
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Figure 3. 1. Isolating barriers between ecotypes of S. lautus from 
Coffs Harbour, NSW, and their hybrids  
(A) Flowering time overlap between three ecotypes of S. lautus. Bars 
represent mean and 95%CI of number of flowering plants in each environmental 
block during a 1 year period. (B)  Proportion of surviving population depicts the 
proportion of total biomass accumulated during a reciprocal field transplant 
attributable to each cross type. This is a composite fitness measure that accounts for 
the number of plants surviving and their growth performance. P denotes parental 
crosses, F1 denotes first generation hybrids between parentals. Intrinsic germination 
rate (C) and flower production (D) were derived from common garden glasshouse 
experiments. The dotted line represents the mean flower production for all crosstypes. 
Population/cross abbreviations are as follows: D (Dune), H (Headland), I (Island), HD 
(Headland-Dune F1), ID (Island-Dune F1), IH (Island-Headland F1). Reciprocal F1s 
share colours and are shown with the maternal populations first. 
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Figure 3.2. Strength of extrinsic and intrinsic barriers to gene flow 
between ecotypes of S. lautus from Coffs Harbour 
These panels display the influence of each reproductive barrier (y axis) on RI 
(x axis). Panels show information for Dune - Headland (A), Dune – Island (B) and 
Headland – Island (C) comparisons. The order of populations reflects the direction of 
isolation. (ie. D-H reflects the isolation of Dune from Headland populations. An  RI 
value of zero suggests random mating between populations, -1 means outcrossing is 
facilitated over con-specific mating, and 1 means populations are completely isolated 
from one another. Isolating barriers are: (A) Flowering time overlap, (B) parental 
immigrant mass, (C) parental immigrant flowers, (D) intrinsic hybrid germination rate 
(mean), (E) intrinsic hybrid germination rate (local cytoplasm), (F) intrinsic hybrid 
germination rate (alternative cytoplasm), (G) intrinsic hybrid flower number (mean), 
(H) intrinsic hybrid flower number (local cytoplasm), intrinsic hybrid flower number 
(alternative cytoplasm), (J) hybrid immigrant mass, (K) hybrid immigrant flowers. 
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Figure 3. 3. Mean strength and contribution of reproductive 
barriers across three ecotypes of S. lautus from Coffs Harbour. 
Mean and 95%CI of Strength (A) and Contribution (B) of barriers to gene 
flow between Dune, Headland and Island ecotypes of S. lautus from Coffs Harbour, 
NSW. Barriers include: (A) Flowering time overlap, (B) parental immigrant mass, (C) 
parental immigrant flowers, (D) intrinsic hybrid germination rate (mean), (E) intrinsic 
hybrid flower number (mean), (F) hybrid immigrant mass, (G) hybrid immigrant 
flowers. Barriers occur consecutively from A-G. Total describes mean isolation 
between populations and is the sum of all barriers to gene flow. 
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Supplementary material 
Table S1. Barrier strength and contribution of isolating mechanisms 
between S. lautus ecotypes. Data was compiled using the Reproductive isolation 
calculator provided in the supplementary material of (Sobel and Chen 2014). Analysis 
was repeated with and without complete barriers as barrier strength estimates of 1 
remove information about any subsequent barriers. 
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Description Generation Mechanism Stage Comparison Ri Value 
Absolute 
Contribution 
Relative 
Contribution 
flowering time parental intrinsic prezygotic D-All 
-
0.9889 -0.9889 -1.1666 
immigrant inviability 
growth (parents) parental extrinsic prezygotic D-All 0.7857 1.5627 1.8434 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic D-All 0.0000 0.0000 0.0000 
intrinsic hybrid flower 
number F1 intrinsic postzygotic D-All 0.0669 0.0432 0.0510 
intrinsic hybrid 
germination F1 intrinsic postzygotic D-All 0.0497 0.0299 0.0352 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic D-All 0.4448 0.2009 0.2369 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic D-All 0.0000 0.0000 0.0000 
total isolation all both tot D-All   0.8477   
flowering time parental intrinsic prezygotic H-all 
-
0.6315 -0.6315 -0.6315 
immigrant inviability 
growth (parents) parental extrinsic prezygotic H-all 0.9745 1.5899 1.5899 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic H-all 1.0000 0.0416 0.0416 
intrinsic hybrid flower 
number F1 intrinsic postzygotic H-all 0.3411 0.0000 0.0000 
intrinsic hybrid 
germination F1 intrinsic postzygotic H-all 0.0654 0.0000 0.0000 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic H-all 0.8952 0.0000 0.0000 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic H-all 0.9821 0.0000 0.0000 
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total isolation all both tot H-all   1.0000   
flowering time parental intrinsic prezygotic H-all 
-
0.6315 -0.6315 -0.6315 
immigrant inviability 
growth (parents) parental extrinsic prezygotic H-all 0.9745 1.5899 1.5900 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic H-all 0.0000 0.0000 0.0000 
intrinsic hybrid flower 
number F1 intrinsic postzygotic H-all 0.3411 0.0209 0.0209 
intrinsic hybrid 
germination F1 intrinsic postzygotic H-all 0.0654 0.0025 0.0025 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic H-all 0.8952 0.0171 0.0171 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic H-all 0.9821 0.0010 0.0010 
total isolation all both tot H-all   1.0000   
flowering time parental intrinsic prezygotic I-all 0.2779 0.2779 0.3090 
immigrant inviability 
growth (parents) parental extrinsic prezygotic I-all 0.7408 0.5350 0.5950 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic I-all 0.6667 0.1248 0.1388 
intrinsic hybrid flower 
number F1 intrinsic postzygotic I-all 
-
0.2920 -0.0486 -0.0541 
intrinsic hybrid 
germination F1 intrinsic postzygotic I-all 
-
0.8427 -0.7043 -0.7833 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic I-all 0.6976 0.5968 0.6638 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic I-all 0.3953 0.1175 0.1307 
total isolation all both tot I-all   0.8991   
flowering time parental intrinsic prezygotic D-H 
-
0.5854 -0.5854 -0.5864 
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immigrant inviability 
growth (parents) parental extrinsic prezygotic D-H 0.7857 1.2457 1.2478 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic D-H 0.0000 0.0000 0.0000 
intrinsic hybrid flower 
number F1 intrinsic postzygotic D-H 
-
0.1234 -0.0005 -0.0005 
intrinsic hybrid 
germination F1 intrinsic postzygotic D-H 
-
0.1395 -0.0007 -0.0007 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic D-H 0.2508 0.0011 0.0011 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic D-H 0.0000 0.0000 0.0000 
total isolation all both tot D-H   0.9983   
flowering time parental intrinsic prezygotic D-I 
-
0.4647 -0.4647 -0.4647 
immigrant inviability 
growth (parents) parental extrinsic prezygotic D-I 1.0000 1.4647 1.4647 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic D-I 0.0000 0.0000 0.0000 
intrinsic hybrid flower 
number F1 intrinsic postzygotic D-I 0.1306 0.0000 0.0000 
intrinsic hybrid 
germination F1 intrinsic postzygotic D-I 0.3456 0.0000 0.0000 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic D-I 0.7073 0.0000 0.0000 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic D-I 0.0000 0.0000 0.0000 
total isolation all both tot D-I   1.0000   
flowering time parental intrinsic prezygotic D-I 
-
0.4647 -0.4647 -0.6624 
immigrant inviability 
growth (parents) parental extrinsic prezygotic D-I 1.0000 0.0000 0.0000 
immigrant inviability parental extrinsic prezygotic D-I 0.0000 0.0000 0.0000 
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flowering (parents) 
intrinsic hybrid flower 
number F1 intrinsic postzygotic D-I 0.1306 0.1090 0.1554 
intrinsic hybrid 
germination F1 intrinsic postzygotic D-I 0.3456 0.3442 0.4907 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic D-I 0.7073 0.7130 1.0163 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic D-I 0.0000 0.0000 0.0000 
total isolation all both tot D-I   0.7015   
flowering time parental intrinsic prezygotic H-D 0.5896 0.5896 0.5896 
immigrant inviability 
growth (parents) parental extrinsic prezygotic H-D 0.9815 0.4028 0.4028 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic H-D 1.0000 0.0076 0.0076 
intrinsic hybrid flower 
number F1 intrinsic postzygotic H-D 
-
0.1532 0.0000 0.0000 
intrinsic hybrid 
germination F1 intrinsic postzygotic H-D 
-
0.1254 0.0000 0.0000 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic H-D 0.9519 0.0000 0.0000 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic H-D 0.9474 0.0000 0.0000 
total isolation all both tot H-D   1.0000   
flowering time parental intrinsic prezygotic H-D 0.5896 0.5896 0.5896 
immigrant inviability 
growth (parents) parental extrinsic prezygotic H-D 0.9815 0.4028 0.4028 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic H-D 0.0000 0.0000 0.0000 
intrinsic hybrid flower 
number F1 intrinsic postzygotic H-D 
-
0.1532 -0.0027 -0.0027 
intrinsic hybrid F1 intrinsic postzygotic H-D - -0.0029 -0.0029 
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germination 0.1254 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic H-D 0.9519 0.0129 0.0129 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic H-D 0.9474 0.0003 0.0003 
total isolation all both tot H-D   1.0000   
flowering time parental intrinsic prezygotic H-I 0.1349 0.1349 0.1349 
immigrant inviability 
growth (parents) parental extrinsic prezygotic H-I 0.9929 0.8589 0.8589 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic H-I 1.0000 0.0062 0.0062 
intrinsic hybrid flower 
number F1 intrinsic postzygotic H-I 0.1325 0.0000 0.0000 
intrinsic hybrid 
germination F1 intrinsic postzygotic H-I 0.0265 0.0000 0.0000 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic H-I 0.9607 0.0000 0.0000 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic H-I 1.0000 0.0000 0.0000 
total isolation all both tot H-I   1.0000   
flowering time parental intrinsic prezygotic H-I 0.1349 0.1349 0.1349 
immigrant inviability 
growth (parents) parental extrinsic prezygotic H-I 0.9929 0.8589 0.8589 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic H-I 0.0000 0.0000 0.0000 
intrinsic hybrid flower 
number F1 intrinsic postzygotic H-I 0.1325 0.0014 0.0014 
intrinsic hybrid 
germination F1 intrinsic postzygotic H-I 0.0265 0.0002 0.0002 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic H-I 0.9607 0.0044 0.0044 
immigrant inviablity F1 intrinsic postzygotic H-I 1.0000 0.0001 0.0001 
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flowering (hybrid ) 
total isolation all both tot H-I   1.0000   
flowering time parental intrinsic prezygotic I-D 0.4673 0.4673 0.4673 
immigrant inviability 
growth (parents) parental extrinsic prezygotic I-D 1.0000 0.5327 0.5327 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic I-D 1.0000 0.0000 0.0000 
intrinsic hybrid flower 
number F1 intrinsic postzygotic I-D 
-
0.2000 0.0000 0.0000 
intrinsic hybrid 
germination F1 intrinsic postzygotic I-D 
-
0.7193 0.0000 0.0000 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic I-D 0.3057 0.0000 0.0000 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic I-D 
-
0.1304 0.0000 0.0000 
total isolation all both tot I-D   1.0000   
flowering time parental intrinsic prezygotic I-D 0.4673 0.4673 -1.1829 
immigrant inviability 
growth (parents) parental extrinsic prezygotic I-D 0.0000 0.0000 0.0000 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic I-D 0.0000 0.0000 0.0000 
intrinsic hybrid flower 
number F1 intrinsic postzygotic I-D 
-
0.2000 -0.1724 0.4365 
intrinsic hybrid 
germination F1 intrinsic postzygotic I-D 
-
0.7193 -0.8336 2.1101 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic I-D 0.3057 0.2597 -0.6575 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic I-D 
-
0.1304 -0.1161 0.2938 
total isolation all both tot I-D   -0.3950   
flowering time parental intrinsic prezygotic I-H 0.1004 0.1004 0.1004 
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immigrant inviability 
growth (parents) parental extrinsic prezygotic I-H 0.7408 0.6665 0.6665 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic I-H 0.6667 0.1554 0.1554 
intrinsic hybrid flower 
number F1 intrinsic postzygotic I-H 
-
0.1688 -0.0299 -0.0299 
intrinsic hybrid 
germination F1 intrinsic postzygotic I-H 
-
0.8419 -0.6894 -0.6894 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic I-H 0.9926 0.7920 0.7920 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic I-H 1.0000 0.0049 0.0049 
total isolation all both tot I-H   1.0000   
flowering time parental intrinsic prezygotic I-H 0.1004 0.1004 0.1009 
immigrant inviability 
growth (parents) parental extrinsic prezygotic I-H 0.7408 0.6665 0.6698 
immigrant inviability 
flowering (parents) parental extrinsic prezygotic I-H 0.6667 0.1554 0.1562 
intrinsic hybrid flower 
number F1 intrinsic postzygotic I-H 
-
0.1688 -0.0299 -0.0300 
intrinsic hybrid 
germination F1 intrinsic postzygotic I-H 
-
0.8419 -0.6894 -0.6928 
immigrant inviablity 
growth (hybrid ) F1 intrinsic postzygotic I-H 0.9926 0.7920 0.7960 
immigrant inviablity 
flowering (hybrid ) F1 intrinsic postzygotic I-H 0.0000 0.0000 0.0000 
total isolation all both tot I-H   0.9951   
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Chapter 4. 
Divergent natural selection drives the evolution 
of reproductive isolation in an Australian 
wildflower. 
 
Abstract  
Ecological speciation occurs when reproductive isolation evolves between 
populations adapting to contrasting environments. A key prediction of this process is 
that the fitness of hybrids between divergent populations should be reduced in each 
parental environment as a function of the proportion of local genes they carry, a 
process resulting in ecologically dependent reproductive isolation (RI). To test this 
prediction, we use reciprocal transplant experiments between adjacent populations of 
an Australian wildflower, Senecio lautus, at two locations to distinguish between 
ecologically dependent and intrinsic genetic reproductive barriers.  These barriers can 
be distinguished by observing the relative fitness of reciprocal backcross hybrids, as 
they differ in the contribution of genes from either parent while controlling for any 
intrinsic fitness effects of hybridization. We show ecologically dependent fitness 
effects in establishment and survival of backcrosses in one transplant experiment, and 
growth performance in the second transplant experiment. These results suggests 
natural selection can create strong reproductive barriers that maintain differentiation 
between populations with the potential to interbreed, and implies a significant role for 
ecology in the evolutionary divergence of S. lautus. 
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Introduction 
 
Speciation is the process whereby populations become reproductively isolated 
from one another (Coyne and Orr 2004). Understanding the drivers of this process 
requires examination of the factors that prevent gene exchange between populations 
and their relative contributions to reproductive isolation (Sobel et al. 2010). Barriers 
to gene flow fall into two main categories: those that prevent mating between 
populations and therefore prevent the formation of hybrids (prezygotic), and those 
that prevent hybrids from mating if they are produced (postzygotic). These barriers 
may be independent of the environment in which they are measured (intrinsic) and 
arise from the evolution of genetic incompatibilities between populations (Orr and 
Turelli 2001), or act only in the local habitats of the diverging populations (extrinsic) 
and result from adaptation via divergent natural selection arising from ecological 
differences between populations (Schluter 2001). While intrinsic genetic isolating 
barriers may evolve in both ecological and non-ecological modes of speciation, the 
presence of extrinsic postzygotic isolation, especially where intrinsic barriers are low, 
provides strong support for ecological speciation (Hatfield and Schluter 1999; 
Seehausen et al. 2014).  
If extrinsic postzygotic isolation is present between diverging populations, it 
follows that intrinsic postzygotic barriers must be weak enough to produce viable 
hybrids in the laboratory, but ecological differences between populations create 
sufficient pressure on hybrids that they suffer fitness reductions under field conditions 
(Rundle and Whitlock 2001). This prediction arises because of two reasons: first, 
hybrid genotypes lack the adaptive phenotypes under selection in the habitat of each 
diverging population and therefore have reduced fitness relative to their parents (Nosil 
et al. 2005; Sobel et al. 2010); and second, reduction in hybrid fitness in parental but 
not in laboratory environments arises from adaptation to contrasting environments 
(Hatfield and Schluter 1999), and not from genetic based incompatibilities that reduce 
fitness under stressful conditions (Rundle and Whitlock 2001; Coyne and Orr 2004). 
Not surprisingly, separating hybrid fitness reductions arising solely from ecologically 
based divergent natural selection from those resulting from the evolution of intrinsic 
genetic incompatibilities between taxa remains a challenging exercise (Rice and 
Hostert 1993; Dettman et al. 2007; Egan and Funk 2009; McBride and Singer 2010). 
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Moreover, early generation hybrids often show patterns of heterosis that may obscure 
the fitness effects of ecologically based selection (Baack et al. 2016; Lowry et al. 
2008), further complicating the contributions of extrinsic postzygotic isolation to 
speciation.  
In response to these difficulties, Rundle and Whitlock (2001) proposed an 
elegant approach to demonstrate the effects of ecological divergent natural selection 
on the evolution of reproductive isolation during speciation. They proposed that a 
comparison of fitness between reciprocal backcross genotypes across environments 
could separate ecological from intrinsic causes for extrinsic postzygotic isolation. 
This is because reciprocal backcross genotypes carry roughly the same number of 
crossbred loci, but differ in the proportion of locally adapted genes from each source 
population. As a consequence, reciprocal backcrosses are predicted to switch fitness 
ranks across environments, with the backcross populations having higher fitness in the 
conditions of the parent with which it is most closely related. Conceptually, this test 
states that strength of ecological extrinsic postzygotic isolation is a function of the 
proportion of locally adapted genes that individuals carry when exposed to that 
environment. F1 hybrids are expected to display intermediate fitness compared to 
parentals, but as mentioned before, heterosis can obscure this signal. 
On the other hand, if intrinsic genetic incompatibilities are the predominant 
drivers of extrinsic reproductive isolation, there should be no switch in fitness rank, 
and F1 hybrids should show lower fitness than their parents. This is because fitness 
reductions arising from genetic incompatibilities should be independent of the specific 
environmental conditions to which hybrids are exposed (Lynch 1991; Rundle and 
Whitlock 2001; Rundle and Nosil 2005). Note that in experiments where only 
parental types and F1 hybrids are exposed to natural and laboratory conditions, 
distinguishing ecological from intrinsic causes of extrinsic postzygotic isolation is not 
possible (Coyne and Orr 2004). Although a few laboratory experiments have used 
Rundle and Whitlock’s approach to examine the evolution of ecological extrinsic 
reproductive isolation in animals (Dettman et al. 2007; Egan and Funk 2009; Matute 
et al. 2009; McBride and Singer 2010) empirical examples in plants, and experiments 
using this method under natural conditions in the wild remain conspicuously rare 
(Rundle 2002). 
Senecio lautus (Variable groundsel) is an outcrossing semi-annual herbaceous 
plant native to Australia and the South Pacific islands. The species complex consists 
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of multiple ecotypes where phenotypic differences between ecotypes correlate with 
environmental conditions (Ornduff 1964; Ali 1966; Radford et al. 2004). Coastal 
ecotypes of this species consist of multiple populations found in adjacent (parapatric) 
sand dunes (Dune ecotype) and rocky headlands (Headland ecotype), and several 
populations of an Island ecotype found on inshore islands. Headland and Dune pairs 
appear to have evolved repeatedly and independently on multiple occasions (Roda et 
al. 2013a; Roda et al. 2013b), a pattern which is consistent with parallel adaptation to 
similar ecological conditions.  
In the populations used in this experiment, estimates of genetic divergence are 
low (Fst =0.08 for Coffs Harbour, and Fst=0.09 for Lennox Head population; Roda et 
al. 2013a), which suggests recent divergence or gene flow between populations. 
However, a small fraction of the genome shows fixed genetic differences indicating 
that population boundaries are possibly maintained by divergent natural selection 
(Roda et al. 2013a). Previous work also discovered that local adaptation to coastal 
environments creates strong immigrant inviability between S. lautus ecotypes (Melo 
et al. 2014; Richards and Ortiz-Barrientos 2016). While ecotypes are genetically 
differentiated and occur in contrasting ecological conditions, intrinsic barriers to gene 
flow are weak, (Richards and Ortiz-Barrientos 2016), and populations still retain the 
ability to produce viable hybrid crosses when grown in a common environment (Ali 
1966; Melo et al. 2014; Richards and Ortiz-Barrientos 2016). These characteristics 
provide an ideal opportunity to investigate the specific contributions of ecological 
divergent natural selection to the evolution of postzygotic reproductive isolation and 
thus to examine the role of ecological speciation in the origin of new plant species. 
Here, we present results from two field-based reciprocal transplant 
experiments designed to test for the presence of ecological reproductive isolation 
between coastal populations of S. lautus. We include parental as well as F1 and F2 
hybrids, and backcrosses between the Dune and Headland ecotypes at Lennox Head, 
and between Dune Headland and Island ecotypes of S. lautus at Coffs Harbour. We 
ask whether ecological divergent natural selection can produce barriers to gene flow 
between these coastal ecotypes, as predicted by the ecological speciation hypothesis. 
We discuss how these results help us better understand how natural selection may 
drive speciation when there is opportunity for gene flow, and the similarities of the 
origin of species across the natural kingdoms.   
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Materials & Methods 
Field locations  
All seeds used in these experiments were derived from seed collected in 
natural populations at Boambee beach (S 30° 18' 45.28", E 153° 8' 21.43", Dune 
type), Corambirra point (S 30° 18' 44.09", E 153° 8' 41.51", Headland type), and 
Mutton Bird Island (S 30° 18' 19.67", E 153° 8’ 57.27", Island type) at Coffs Harbour, 
NSW; and from the sand dunes (S 28° 47' 1.23", E 153° 35' 38.56", Dune type) and 
rocky headland (S 28° 48' 47.22", E 153° 36' 19.15", Headland type) at Lennox Head, 
NSW (see Table S1 for nomenclature distinguishing habitat versus ecotype and 
population code). The natural populations at Coffs Harbour are monophyletic and 
occur in parapatry, with all seed from three populations collected within an 800m 
radius. Plants from the Dune and Headland populations are separated by only a few 
metres. Seeds for Headland and Dune populations at Lennox Head were collected 
from sites separated by 3.4 km, and show greater genetic divergence, although the 
specific relationship depends on the loci used for phylogenetic reconstruction (Roda 
et al. 2013a; Melo et al. 2014) 
Seed production  
Seeds were collected from a minimum of 30 individuals per population with a 
minimum distance of 10 metres between plants to reduce the risk of collecting closely 
related individuals. Seeds were stored at 4 degrees in Tudor seed envelopes until 
required. Seeds were scarified and germinated on moist filter paper (whatman #4) in 
4cm petri dishes. Petri dishes were kept in the dark for two days before being 
transferred to a controlled temperature room where light was maintained at a 50:50 
day-night cycle at 25°C. After a week, germinated seeds were transferred to the 
glasshouses where they were transplanted into 85mm square pots. Controlled crosses 
were performed in the glasshouses at The University of Queensland between January 
2012 and November 2013 by rubbing flower heads from parental plants together to 
transfer pollen; we repeated this procedure for three days for each cross so most 
florets contributed seed to subsequent generations. All seeds used in the field 
experiments were from full-sib families created by crosses in the glasshouse. Families 
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were generated by crosses within ancestral populations (Parentals, P), between 
populations (F1 hybrids, F1), within F1s (F2 hybrids, F2), and between F1s and 
Parentals (Backcrosses, BC). These crosses are referred to from here on as genotypes, 
with the abbreviated names above followed by a population code to indicate the 
cytoplasmic origin (see Figure 1, Table S1 for full explanation of notation). Few 
Backcross families were created between Dune-Island F1s and Island parents (BCID) 
due to limited flowering time overlap in the glasshouse, so we excluded this genotype 
from the experiment. The reciprocal backcross between Dune-Island F1s and Dune 
parents (BCDI) was included in the experiments. Crossing design and the populations 
included in these experiments are outlined in Figure 1. 
Field Transplant 
The transplant was started on the 20th April 2014 in the Coffs Harbour 
environments, and on the 18
th
 of March 2014 in the Lennox head environments. Both 
transplants occurred within the locations of the initial seed collections. Four plots 
were established in each of the three Coffs Harbour environments, each treated as an 
individual block. 12 plots were established in each of the two Lennox Head 
environments, with two contiguous sub-plots contributing to a block. Vegetation and 
litter were removed from the plots before planting. Seeds from each full-sib family 
were organised into a completely randomised block design before transfer to the field 
sites. Seeds were glued to toothpicks using Selleys Quick fix supa glue gel and 
organised into polystyrene grids in the layout of each field block (Melo et al. 2014). 
One seed from each family was planted into the corresponding cells of 400 x 600mm 
grids with the seed placed ~2mm below the soil surface. In the Coffs Harbour 
transplant, we included four individuals each from 15 families in each environment 
(12 individuals per family in total), leading to 60 individuals per genotype per 
environment. As our design included all possible crosses between the three 
populations, we planted 14 different genotypes (Figure 1), leading to 1020 seeds per 
environment and 3060 seeds across the whole transplant. In Lennox Head we had six 
genotypes, and we planted six seeds per family from 32 backcross families in each 
direction (BC-H, BC-D), 30 F1 families, 30 parental families, 27 F2 families per 
environment. This resulted 1086 seeds planted in each environment, for a total of 
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2172 seeds across the whole transplant. In total, we planted 5232 seeds across the two 
experiments.   
All plots were watered and covered with shade cloth in the early stages. These 
conditions mimicked natural germination conditions at these localities. Each block 
was watered daily with 1 litre of water per block (equivalent to ~4mm of rainfall) for 
the first 21 days at both locations. At Coffs Harbour, plots were covered with 50% 
shade cloth for the first four weeks, after which it was replaced with open weave bird 
netting. In the sand dunes at Lennox Head, shade cloth was replaced after 100 days. 
The Lennox Head experiment ran for 11 months with germinations and deaths 
recorded monthly. The Coffs Harbour experiment ran for 8 months with fitness 
recorded daily for the first 21 days of the experiment, after which fitness was recorded 
weekly until harvest on day 161 at the Island site, and day 198 at the Dune and 
Headland sites. Fitness measures recorded were germination, mortality, establishment 
and the presence of a buds and flowers. Establishment was taken as the production of 
seven leaves at Coffs Harbour and ten leaves at Lennox Head as a measure of a 
plant’s ability to transition between early and late life history stages. Glasshouse 
experiments have shown that the production of 7-10 leaves is a good indicator of 
establishment and the transition from juvenile to adult in S. lautus (Bernal-Franco 
2015). The experiments were ceased when plants began to senesce. Plants from the 
Coffs Harbour experiment were clipped at ground level and individually sealed in 
ziploc bags and transported back to the University of Queensland where we recorded 
harvest mass as a measure of growth performance. 
Statistical Analysis.  
To determine fitness differences between the parental and hybrid populations, 
we defined three components of fitness: establishment, survival, and growth 
performance. While related, these three different measures of fitness allow 
distinctions to be made across multiple life history stages, and therefore elucidate 
whether selection acts in a uniform way across the lifespan of a plant, or whether 
there are particular developmental stages at which ecological factors have greatest 
effects on fitness. While flowering and seed production is the best estimate of lifetime 
fitness, we were unable to get reliable estimates of these traits due to low sample size 
of flowering plants across the experiment. As mentioned, no plants flowered in the 
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Dune environment. Across the two environments where we have data on flowering, 
there was a very strong correlation between growth and flower count (r=0.78). We 
therefore used harvest mass in these analyses, as this measure increases sample sizes 
and provides a reasonable proxy of flower production. We outline the methods for the 
three fitness components in chronological order from seedling emergence to harvest. 
(1) Probability of establishment  
To calculate the fitness of cross types in the field we used a conditional 
generalized linear mixed model in a Bayesian framework to estimate the mean 
probability of germination and establishment for each genotype. These models 
estimate the probability of an event based on known conditions that may be related to 
the event. In this case, we estimate the probability of each genotype passing through 
the initial establishment life history stage using information about germination. This 
process takes into account that missing values of later life history fitness components, 
such as leaf production, are not missing at random, but may result from systematic 
patterns in early life history stages such as germination (Steinsland et al. 2014). 
We modelled fitness over life history stages using the conditional response 
variable (Emergence > Survival to Day 100 > Ability to Produce 10 Leaves) for 
Lennox Head, and (Germination > Ability to produce 7 leaves) for Coffs Harbour, 
where the arrow (>) represents the direction of conditionality between each transition. 
The differences in the models between environments reflect different logistical issues 
between the two experiments (e.g., different frequency of data monitoring amongst 
transplant sites), but the measures of 7 and 10 leaves are equivalent of life history 
transition in each population. Analyses were conducted using the R package 
MCMCglmm (Hadfield 2010). We analysed two models: one to test for local 
adaptation and one to test for ecologically-dependent backcross fitness. To test for 
local adaptation we used the conditional response variables outlined above and 
included environment and the percentage of local genes for each cross type as fixed 
effects and family (full-sibling family) and block as random effects. To test for 
ecologically dependent fitness effects we used cross type (ancestor/backcross) and 
environment as fixed effects, and family and block as random effects.  
We implemented Markov Chain Monte Carlo sampling to estimate the 
posterior probability distribution for the model parameters. The number of iterations 
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and the thinning interval were increased until the effective sample size exceeded 85% 
of the desired 1000 mark for all parameters estimated. We used a Cauchy prior 
distribution (Gelman et al. 2008), incorporating the mean of each conditional level, 
and repeated the analyses while adjusting the variance to excessively large and small 
values output to ensure it did not change the model output and that we had confidence 
of an uninformative prior. Our final models included one million iterations, with a 
burn-in of one hundred thousand and a thinning interval of one thousand to remove 
autocorrelation between MCMC samples. To verify model performance we compared 
the distribution of the observed data to the posterior predictive distribution. All 
models indicated alignment between the means and variance of the two distributions 
validating model reliability.  
(2) Survival analysis  
Probability of survival was modelled using a maximum likelihood estimation 
of parametric survival using the coxme package (Therneau 2012) in R (version 3.0.3). 
In the Coffs Harbour experiment, the survival function (response variable) was 
created using the day of germination, day of death and whether the individual was 
dead or alive at the censor point, day 161. Population was included as a fixed effect 
with block and family included as random effects. In the Lennox Head experiment, 
we analysed time to death as the response variable censored by survival at day 320. 
Ecotype was included as a fixed effect and block and family were included as random 
effects. Separate analyses were carried out for each environment as the comparison of 
interest is between genotypes within a single environment. 
(3) Performance of survivors 
We analysed growth in survivors from the Coffs Harbour transplant to 
determine whether there was variation in the relative fitness of individuals that 
survived to the end of the experiment. We recorded harvest mass and dry weight to 
determine biomass accumulation. Very low biomass for many individual plants meant 
that we could not reliably account for measurement error from our dry mass 
measurements, so only harvest mass is analysed here. To determine difference in 
growth between backcrosses and F2 hybrids against the Parental populations we fit a 
linear mixed effects model using restricted maximum likelihood (REML) using the 
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lmeTest package (Kuznetsova et al. 2013)in R. We used harvest mass as the response 
variable, which was log+1 transformed to ensure a normal distribution, and included 
population as a fixed effect with block and family as random effects. Family was 
removed from the model when testing Dune and Island populations in the dune 
environment, due to singularity problems arising from differences between the 
families surviving in each environment. Tests were done on backcrosses between two 
populations within one environment. To determine whether there was an environment 
x genotype interaction in backcross growth, we used ANOVA with log+1 transformed 
harvest mass as the response, and backcross population, environment, 
population*environment interaction and block as predictors. These analyses were 
performed between reciprocal backcrosses in their parental environments.  
Overall, we infer patterns of ecologically-dependent isolation as intrinsic when 
the rank of high to low fitness does not vary between environments, and as ecological 
reproductive isolation when we observe a reversal in the fitness rank between 
reciprocal backcross types in alternative environments.  
 
Results 
(1) Probability of Establishment. 
In general, establishment was lower in all Coffs Harbor sites than at Lennox 
Head. Seeds (seedlings) with 100% local genes had higher establishment success than 
those with 0% local genes in all experimental locations (Figure 2). In the two sand 
dune sites, F2 hybrids possessing 50% dune genes had the highest probability of 
germination and establishment (Figure 2). In the rocky headland sites, the probability 
of establishment increased in a roughly additive manner with an increasing proportion 
of local genes, however this pattern was not observed in the sand dunes or the island 
sites. In the island site, F2 hybrids with 50% local genes had higher probability of 
establishment than backcross individuals with 75% local genes (Figure 2). 
In the Lennox Head sites, the local parental population had the highest 
probability of establishment, while the immigrant parental had the lowest. Backcross 
fitness displayed the predicted switch of rank under the ecological speciation 
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hypothesis, with the backcross to the local population having a higher probability of 
establishment in each case.  
In all four pairwise comparisons, patterns of local adaptation were present 
between parental genotypes (Figure 3), although there were contrasting responses in 
the backcross genotypes. The backcross to Headland between Headland and Island 
individuals performed better than the corresponding backcross to Island individuals in 
both environments, suggesting that differences in establishment between these two 
backcross genotypes are intrinsic rather than ecologically dependent. 
As the BCID backcross genotype was excluded from the experiment, we 
contrasted backcross and F2 fitness between Dune and Island populations, as they are 
both recombinant hybrid genotypes that differ in the proportion of genes from each 
parental population. As we expected, F2 fitness did not change between environments 
while the backcross to Dune showed higher fitness in the sand dunes, and lower 
fitness in the Island site, however results in the Dune site were ambiguous, due to low 
establishment across all genotypes. 
We also compared F1 and F2 hybrids with the parents in each environment to 
assess the presence of heterosis in establishment (Figure S2). A pattern of heterosis 
should decrease the effects of extrinsic postzygotic isolation as outcrossing produces a 
fitness advantage to hybrid genotypes, and also tests for the effect of intrinsic genetic 
incompatibilities. In general, the probability of hybrid establishment was higher than 
both local and immigrant parents in both the Dune and Island environments, while in 
the headland environments, immigrant parentals had the lowest probability of 
establishment, local headland parents the highest establishment rates and F1 and F2 
hybrids at intermediate levels (Figure S2).  
 (2) Survival 
Survival was calculated as the number of days between germination and death 
censored at day 161 of the experiment in Coffs Harbour. There was little to no effect 
of genotype on survival across the three sites (Table S2). In the sand dunes, survival 
was low with no significant differences between genotypes, although the random 
effect of block explained 66% of variance in individual survival (Table S3). This is 
not surprising, because two of the four blocks died out completely and suggests 
environmental heterogeneity may have had a substantial effect on survival within the 
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Dune habitat. In the rocky headlands, BCHD and F1DH genotypes had lower risk of 
dying compared to the ancestral headland genotype (relative risk=0.46, z=-2.14, 
p=0.032 and 0.49, z=-2.02, p=0.04). In contrast, BCIH individuals had the lowest risk 
of perishing (relative risk=0.23, z=-3.52, p=0.0004, Table S2).  
Random effects accounted for less variance in survival in the rocky headland 
than in the sand dunes, although both random factors are influential with experimental 
block explaining 26% or variance in survival, and Family explaining 25%. In the 
Island site, only the F2HI genotype had significantly lower survival risk than ancestral 
Island individuals (relative risk=0.36, z=-2.09, p=0.037); however the variation in 
survival attributed to the random factors family (46%), and block (37%), suggests a 
substantial effect of within population variation and microhabitat on individual 
survival at the Island site. 
In contrast to the three populations from Coffs Harbour, genotype had a 
significant effect on survival at Lennox Head sites. The local parental population from 
each habitat had the lowest risk of death, while the immigrant parent had over two 
times higher risk of dying in that environment (Table S2). Furthermore, in both 
environments, risk increased with the proportion of foreign genes in the genotype, 
except for the F1DH genotype in the Dune habitat, which was not significantly 
different to the Dune parent (relative risk=0.88, z=-0.77, p=0.44, Table S2).  
(3) Performance of survivors 
Comparisons between Headland and Island, and Dune and Headland 
populations showed a pattern of ecologically-dependent fitness in backcross 
genotypes (Fig 4). The significant backcross type-environment interaction term 
between Headland-Island (F1,27 =14.24, p= 0.001) and Headland-Dune (F1,3=11.04, p= 
0.045) showed a switch in the fitness rank of reciprocal backcrosses between 
environments. There was no significant interaction effect between backcrosses 
between Dune and Island genotypes (F1,21=0.36, p=0.556). 
Mixed effects regression models of between-population crosses within a single 
environment only revealed a significant population effect in the comparison of 
Headland and Island crosses in the island (F=5.874, 15.98, p= 0.004). There was a 
marginally significant effect of source population between Dune and Headland 
crosses in the sand dunes  (F=4.42 4,5.99, p=0.055), but as less than 10 individuals from 
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each genotype survived to the conclusion of the experiment, we interpret this result 
cautiously. 
There was a strong pattern of immigrant inviability between Dune-Headland 
and Headland–Island comparisons. In each case, immigrant parentals had the lowest 
harvest mass, and also the lowest sample size meaning fewer individuals survived to 
maturity (Fig 4). The local parental populations had the highest harvest mass in all 
cases, showing beneficial effects of local adaptation on performance.  
 
Discussion 
Ecological speciation describes the process in which populations become 
reproductively isolated by divergent natural selection (Hatfield and Schluter 1999; 
Rundle and Nosil 2005). The presence of ecologically dependent postzygotic isolation 
is therefore consistent with the predictions of speciation resulting from divergent 
natural selection. This can occur when hybrid genotypes display phenotypes that are 
intermediate between the optimum phenotype of either parent and as such display 
lower fitness in the two parental habitats (Hatfield and Schluter 1999). Reciprocal 
backcross genotypes are fundamental to isolating environmentally dependent fitness 
effects from those arising from intrinsic genetic incompatibilities: backcross 
genotypes are more genetically similar to one of the parents, and therefore should 
have relatively high fitness in the environment of that parent they are more similar to 
(Rundle and Whitlock 2001). 
While there are a number of studies that support a link between local 
adaptation to reproductive isolation (Nagy and Rice 1997; Hall and Willis 2006; 
Lowry et al. 2008), few studies have measured the relative fitness of backcross 
genotypes in the wild, a result that is crucial to isolating the effects of divergent 
natural selection on populations with the potential to interbreed (Rundle and Whitlock 
2001). Our work here uses a method to make distinction between ecologically 
dependent and non-ecologically dependent RI, which builds on a growing body of 
evidence from insects (Egan and Funk 2009; Kuwajima et al. 2010; McBride and 
Singer 2010) and fish (Rundle 2002; Fuller 2008) to show that ecological 
reproductive isolation is a potentially important driver in the divergence of plant 
populations in the wild. 
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Ecological factors have been implicated in previous work on the origins of 
ecotypes in the S. lautus species complex (Roda et al. 2013b; Melo et al. 2014), 
including the preceeding chapters of this thesis. The repeated parallel divergence of 
Dune and Headland ecotypes in the system is a pattern best described by the action of 
natural selection driving adaptation to these two environment types (Roda et al. 
2013a). In Lennox Head, the signature of ecologically dependent reproductive 
isolation was present across two components of fitness, establishment and survival. 
There was a strong signature of local adaptation in parental genotypes and backcross 
fitness was higher when the backcross was in the direction of the local genotype. 
Here, it seems that ecological factors both prevented establishment of immigrant and 
hybrid genotypes, and increased the risk of mortality of any immigrants that do 
establish, leading to ecologically dependent reproductive isolation. 
In the Coffs Harbour sites, establishment was ecologically dependent in the 
Headland site, while we saw a pattern of hybrid vigor in the Dune and Island 
environments. We also observed no significant differences in survival between 
genotypes in any of the three environments when genotype was included as a main 
effect in survival models, although the signature of ecologically dependent 
postzygotic isolation is most clearly seen in the measures of growth in plants that both 
established and survived. Despite a small sample size, the significant interaction 
between population and environment shows the diagnostic switching of fitness rank 
between backcross types depending on the proportion of local genes. This result 
suggests that ecological differences between the three environments do not prevent 
establishment or survival of immigrants but create barriers to gene flow by reducing 
growth and performance in immigrant and hybrid genotypes. This may be due to the 
effects of heterosis masking the signature of ecological selection in early life history 
stages, but also suggests that the fitness benefits of heterosis are removed by the stage 
of maturity. However, the small sample sizes in measures of biomass accumulations 
are a result of very low survival to maturity across all populations. This is particularly 
evident in the sand dunes, where less than 30 individuals (of 1020 planted seeds) 
survived to the censor point of the experiment.  
Low survivorship to maturity suggests that all three environments are harsh 
and therefore any signature of divergent selection on establishment and survival is 
obscured by general harsh conditions that affect all genotypes (as discussed by 
Blanquart et al. 2013). Over the duration of the experiment, Coffs Harbour received 
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around a third of its mean monthly rainfall, which meant conditions on the more 
exposed areas of the Dune environment were particularly harsh. We acknowledge that 
there are limitations in the conclusions that can be drawn from such limited sample 
sizes, however the observed trends are consistent across multiple analyses suggesting 
that the general trends are not random. 
One explanation for the observed differences between experiments locations 
may be due to the increased genetic divergence between Lennox Head populations 
compared with the divergence between Coffs Harbour populations. Based on neutral 
SNPs (Roda et al. 2013a), Dune, Headland and Island ecotypes at Coffs Harbour form 
a monophyletic group within the phylogeny of S. lautus in Australia, while the 
Lennox Head ecotypes are more genetically diverged. This is consistent with evidence 
from insects (Presgraves and Noor 2002) and plants (Moyle et al. 2004; Scopece et al. 
2008), where the initial barriers to gene flow between diverging populations arise due 
to extrinsic postzygotic isolation, and the strength of postzygotic isolation increases 
with genetic distance between taxa (Coyne and Orr 1989). Observation of extrinsic 
barriers during early points on the speciation continuum and the absence of clear 
intrinsic barriers, as outlined here in Senecio, is also a strong indicator of speciation 
driven by divergent natural selection. This model contrasts with those where 
speciation is driven by intrinsic factors and extrinsic barriers arise at later stages along 
the speciation continuum (Seehausen et al. 2014). 
While ecologically dependent postzygotic isolation is a fundamental 
prediction of ecological speciation theory, few empirical examples exist where the 
specific barriers are isolated from other forms of reproductive isolation. We show in 
this work that multiple fitness measures across life history stages show patterns of 
ecologically dependent postzygotic isolation. Further, these patterns are consistent 
between replicate ecologically divergent parapatric populations, and the strength of 
these barriers increases with the degree of evolutionary divergence between 
populations. Whether this form of ecologically based reproductive isolation will 
facilitate the evolution of other barriers in the future remains an open question. Our 
work suggests that the underlying mechanisms of ecological speciation may be 
contribute to evolutionary divergence within the Senecio lautus species complex and 
provide a robust example of how ecological differences between populations can lead 
to reproductive isolation. 
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Figure 1. Location and crossing design used in transplant 
experiments 
 
Source populations from Location One at Coffs Harbour include Dune (D4), 
Headland (H5) and Island (MB) ecotypes, Populations from Location Two included 
Dune (D1) and Headland (H1) populations. Both locations are on the east coast of 
Australia and are separated by 220 kilometres. We generated seeds for the transplant 
experiment from field collected seeds (Ancestral, yellow), and then included within 
population controlled crosses (Parental, orange), F1 hybrids (between parentals, red), 
F2 Hybrids (within F1, black) and Backcross (F1 to each parental, green) genotypes 
in reciprocal transplant experiments at all source locations.  Dotted lines denote 
genotypes that were excluded from the transplants and include the ancestral genotypes 
and D4-I Backcross genotypes toward the Island population which were excluded due 
to low seed production. 
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Figure 2. Posterior probability of establishment based on 
percentage of local genes. Coffs Harbour included 17 genotypes, Lennox 
Head included six genotypes. 
Bayesian estimates of the probability of establishment based on conditional 
generalized linear mixed models. Points show the mode of the posterior distribution 
while bars show the 95% credible intervals. Establishment is explained by the 
percentage of local genes in transplant locations at Coffs Harbour (A, B, C) and 
Lennox Head (D, E). Local genotypes consistently have high probability of 
establishment in all but the Coffs Harbour Dune (A). The pattern is strongest in 
Headland environment (B, E), while hybrids with 50% local genes have a high 
probability of establishment in both Dune and Island environments (A, C, D). 
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Figure 3. Extrinsic and intrinsic fitness effects on probability of 
establishment between ancestral ecotypes and reciprocal backcrosses.  
Bayesian estimates of the probability of establishment based on conditional 
generalized linear mixed models. Ecologically dependent fitness differences are seen 
between H-D and H-I comparisons in the Headland environment but not the 
alternative environments (panels B, C), and in D-H comparisons at Lennox Head (D). 
D-I comparisons reveal a pattern of heterosis. (A). Note the use of F2 hybrids instead 
of BCMB in this comparison (see methods and Fig 1.). 
 
 
 
 
  
 101 
Figure 4. Comparison of growth performance between 
recombinant hybrids and parental populations from Coffs Harbour.  
 
Harvest mass is log(n+1) transformed and describes the total biomass 
accumulation over the lifespan of all surviving plants. Panels A and B show the 
reciprocal transplant between Headland and Island derived populations in each 
Headland and Island sites. Panels C and D describe the Dune-Headland comparison 
and Panels E and F describe Dune-Island comparison respectively. Dotted lines show 
significant interactions between backcross type and environment, meaning the mass 
accumulation was highest in the backcross to the local population which is a 
diagnostic pattern associated with ecologically dependent reproductive isolation.  
Note the range of  y values is different for each panel. 
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Table 1. Anova of Harvest mass of Backcross genotypes organized 
by population comparisons. Significant interaction terms demonstrate 
ecologically dependent fitness and are highlighted in bold. 
 
 
Populations  Predictors Df Sum Sq Mean Sq F value Pr(>F) 
D-I Population 1 1.572 1.572 1.959 0.176 
 
environment 1 3.543 3.543 4.415 0.048 
 
block 1 0.156 0.156 0.195 0.664 
 
pop:env 1 0.288 0.288 0.358 0.556 
 
Residuals 21 16.851 0.802 
  H-I Population 1 0.808 0.808 1.854 0.185 
 
environment 1 1.813 1.813 4.161 0.051 
 
block 1 0.136 0.136 0.312 0.581 
 
pop:env 1 6.207 6.207 14.241 0.001 
 
Residuals 27 11.767 0.436 
  H-D Population 1 0.049 0.04965 9.344 0.055 
 
environment 1 0.00004 0.00004 0.008 0.935 
 
block 1 0.161 0.16078 30.257 0.012 
 
pop:env 1 0.058 0.05867 11.04 0.045 
 Residuals 3 0.016 0.00531 
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Chapter 5 
General Discussion 
 
 
Explaining the emergence of discontinuity in nature forms the basis of evolutionary 
biology, and can be examined by determining the processes that generate variation and the 
selective forces that shape this variation.  In plants, it has long been recognized that 
ecological factors play a major role in both generation and selection of variance (Clausen et 
al. 1941; Turrill 1946; Stebbins 1950; Clausen and Hiesey 1958), and therefore may 
contribute to the formation of discrete groups and the process of speciation. Evidence for a 
fundamental role of ecology in speciation has grown over the years to the point that the 
ecological speciation hypothesis is supported by a number of theoretical and empirical studies 
(Reviewed in Schluter 2009), and is now a generally accepted mode of speciation (Sobel et 
al. 2010). The motivation for the work described in this thesis was to determine the influence 
of ecological factors on patterns of variation between Dune, Headland and Island ecotypes of 
S. Lautus from Coffs Harbour, NSW, and test whether these patterns were consistent with the 
process of ecological speciation. 
 
In general, the patterns of variation between these ecotypes suggest a fundamental 
importance of ecological factors. Phenotypic differences between ecotypes are best described 
by the deterministic force of divergent selection between environments driving the 
accumulation of adaptive, genetically based traits in each environment (Chapter 2). 
Ecological differences between populations also produce strong barriers to gene flow through 
immigrant, and hybrid, invibility as a consequence of local adaptation (Chapter 3). As a 
specific test for ecologically dependent reproductive isolation in hybrids, I distinguish 
intrinsic genetic fitness (Chapter 4) from ecologically dependent fitness and show that the 
most likely process of divergence between these populations is consistent with ecological 
speciation. These results build on previous evidence (Roda et al. 2013b; Melo et al. 2014) 
which suggests that divergent selection has driven the formation of ecotypes, which are a 
transition point in the speciation process (Clausen et al. 1941). The finding of almost 
complete reproductive isolation between populations suggests that these populations may 
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develop into ‘biological species’ over time, however at this point it is unclear whether they 
will transition to genetically incompatible species. If environmental conditions change and 
the extrinsic barriers preventing gene flow relax, hybridization may lead to a collapse of 
ecotypic differences, as seen between several pairs of lake dwelling sticklebacks (Taylor et 
al. 2006) leading to the process of ‘speciation reversal’ (Vonlanthen et al. 2012). 
 
 
Discontinuous environments lead to discontinuous traits. 
 
Phenotypic differences between populations are able to emerge when adaptation to 
divergent selection is stronger than the homogenizing effects of gene flow, or when gene 
exchange does not occur and genetic differences arise due to drift within each population. 
The response of a synthetic hybrid population to selection is a test of whether deterministic 
factors such as selection or random factors such as drift are the causative factors creating 
phenotypic differences between populations. If the response to selection mirrors the 
phenotypic differences between wild populations that have been previously exposed to those 
selective pressures, there is strong evidence that the association of phenotype and 
environment in ecotypes is non-random. There are numerous examples in both animals and 
plants where adaptation to environmental variation within a species range drives repeated 
patterns of phenotypic divergence. Consistent difference in morphology are observed 
between lake and stream (Berner et al. 2011), and benthic and limnetic populations (Rundle 
et al. 2000) of  Three-spine stickleback. These repeated patterns of phenotypic divergences 
can also be found in lizards (Losos et al. 2001), birds (Ryan et al. 2007) and are also common 
across many plant species (Reviewed in Ostevik et al. 2012), where predictable 
morphological differences arise in multiple populations as a common response to ecological 
differences. 
 
 
Adaptation to discontinuous environments can lead to 
discontinuous gene flow. 
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Gene exchange between populations may be restricted if there is selection against 
non-native phenotypes in either environment (Nagy and Rice 1997). This can lead to 
discontinuous gene flow where extrinsic barriers prevent gene flow in the absence of any 
intrinsic factors. This is consistent with the pattern we observe between Dune, Headland and 
Island ecotypes, where barriers to gene exchange are primarily extrinsic, and intrinsic 
mechanisms cause no deviation from random mating expectations or may even facilitate gene 
flow. 
 
The speciation continuum can be described as “continuous sequence of genetically-
based changes that occur as two lineages diverge from one another on the pathway to 
reproductive isolation” (Shaw and Mullen 2014), and incorporates the causes of divergent 
evolution and the accumulation of reproductive barriers. Within this framework, patterns of 
reproductive isolation arise differently when speciation is driven by divergent natural 
selection or by intrinsic genetic barriers (Seehausen et al. 2014). 
 
When the process of speciation is driven by divergent natural selection, ecologically 
dependent or extrinsic barriers accumulate before intrinsic genetic barriers, and in some cases 
irreversible isolation may never evolve. This observation is why the idea of the ecotype is 
regarded as a transitional stage in the process of speciation (Clausen et al. 1941; Lowry 
2012), and is why cases of incomplete speciation are common under the ecological speciation 
model (Harmon et al. 2009; Nosil et al. 2009). The results from this thesis suggest that 
ecotypes of S. lautus represent divergence at an early stage along this continuum, where 
barriers to gene flow are mainly due to extrinsic mechanisms, and places this system at a 
similar stage of divergence to young stickleback species pairs (Gow et al. 2007), Rhagoletis 
flies adapted to different host plants (Feder et al. 1994), and lake victoria cichlids (Seehausen 
et al. 2008), all of which are examples of ecological speciation driven by divergent selection 
from standing genetic variation. 
 
If divergence is due to divergent selection on standing genetic variation, populations 
may have no intrinsic incompatibilities because they are derived from a cohesive gene pool. 
When populations are only recently diverged, there may be insufficient time in isolation for 
the accumulation of enough complimentary changes in genes to create hybrid sterility and 
inviability (Orr 1995).  This work, along with previous work between other populations in 
this species (Melo et al. 2014), found little substantial evidence for intrinsic isolation between 
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these ecotypes, suggesting that divergence time between populations may be quite recent, 
although there is some variation in divergence time between different ecotype pairs in the S. 
lautus species complex (Roda et al. 2013a). The two pairs used in experiments in Chapter 4 
have different evolutionary histories based on phylogenetic analysis (Roda et al. 2013a), with 
more genetic divergence accumulated between Lennox Head populations than Coffs Harbour 
populations. These evolutionary history differences may explain the differences in patterns of 
fitness between locations, as ecologically dependent backcross fitness occurs only in late life 
history between the genetically more similar Coffs Harbour populations, but occurs at 
multiple life history stages between more divergent Lennox Head populations. This is 
consistent with empirical work in Drosophila, where the strength of post-zygotic isolation 
increases with divergence time (Coyne and Orr 1989).  
 
Asymmetry of isolating mechanisms. 
 
Asymmetry of reproductive barriers is also expected to be common during the early 
stages of divergence (Orr 1995) as populations accumulate genetic mutations at different 
rates. Asymmetry in the direction of reproductive barriers during the early stages of 
evolutionary divergence and has been reported in fish (Boughman et al. 2005), insects 
(Gosden et al. 2015) and many plant species (Tiffin et al. 2001; Turelli and Moyle 2007; 
Lowry et al. 2008), where gene exchange may be prevented in one direction, but facilitated in 
the opposite direction. Within this system, there are several cases of asymmetry in isolating 
barriers, mainly in the intrinsic barriers describing flowering time and intrinsic hybrid fitness. 
Flowering time barriers are asymmetric between headland and dune, as headland can pass 
genes toward dune but the reverse has a lower probability of occurrence. Increased hybrid 
flower production relative to parents also has the potential to facilitate gene flow from Dune 
toward Island populations when hybrids have Island (local) cytoplasm but not when they 
have non-local (Dune) cytoplasm, which suggests that if gene flow were to occur, it would be 
more likely to be pollen mediated from the Dune to the Island rather than involve seed 
dispersal. 
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Heterosis. 
There is a presence of heterosis, or hybrid vigor, which leads to increased probability 
of establishment and reduced risk of death in Dune environments at both Coffs Harbour and 
Lennox Head (Chapter 4). In these environments, individuals with 50% local genes had 
highest establishment rates, although this pattern was not reflected in fitness components of 
adult plants. Outcrossing was also facilitated between Coffs Harbour populations through a 
lack of intrinsic genetic barriers to gene flow, a pattern driven largely by hybrid vigor 
(Chapter 3). Outbreeding may be an advantage when it increases genetic and phenotypic 
variability (Rieseberg 1991), however it may also lead to transfer of maladaptive alleles that 
reduce fitness (Lynch 1991), when there is spatial variation in selection.  
Spatial variation in selection can lead to substantial local genetic structuring 
(Heywood 1991). Stabilizing selection reduces genetic variability in traits under selection but 
may reduce variability in neutral regions as well, especially when population sizes are small 
(Frankham 1996). If both of these factors influence genetic diversity in these ecotypes, 
outbreeding could produce vigorous hybrids with increased fitness due to the increase of 
heterozygosity, but they may also carry maladaptive phenotypes that are selected against. 
This could be one potential explanation for why we see a pattern of heterosis in establishment 
in juvenile plants, but not in the patterns of fitness in mature plants, as selection against 
maladaptive traits in hybrids has removed them from the population by the time plants 
mature. Outbreeding advantage may be common in plants and be why examples of extrinsic 
postzyzgotic isolation are rare (Ostevik et al. 2012), and there is theoretical support for the 
presence of hybrid genotypes with higher fitness than parents, even when hybrids are less fit 
on average (Barton 2001). However, whether these factors are responsible for the patterns of 
heterosis seen between these ecotypes purely speculative as there are many, and varied causes 
of hybrid vigor and the interpretation of heterosis between life history stages is complex 
(Rhode and Cruzan 2005). 
 
 
Variation in selective strength between environments. 
In general, the Headland environment appears to be subject to the strongest 
ecologically based selection. Immigrant inviability was almost strong against individuals 
from Dune and Island populations, and lead to estimates of almost complete reproductive 
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Isolation from Dune and Island populations. Ecologically dependent reproductive isolation 
was stronger in Headland environments at both Lennox head and Coffs Harbour, and leaf 
shape variation was smallest in transplant survivors in this environment consistent with 
strong stabilizing selection and the removal of individuals with leaf trait values toward tails 
of trait distribution. This difference in the strength of selection may be a result of the different 
levels of environmental stability and disturbance between environments. 
 
The Headland Environment is characterized by less variable conditions over time in 
comparison with the Dune and Island environments. Coastal Dune systems are a classic 
example of high disturbance environment, where frequent stochastic events such as storms 
and erosion can lead to burial and mortality in the plant communities that inhabit these areas. 
In the Island environment, the resident Wedgetailed Shearwaters excavate and clear their 
burrows frequently during the breeding season, which leads to frequent burial of plants. 
These stochastic events may have strong impacts on the deterministic signature of selection 
as they lead to random mortality, which may mean that patterns of adaptation to selective 
pressure are different between environments where random events are frequent and stable 
environments where random events are rare (Benton and Grant 1996). 
 
 
 
Considerations 
Experimental constraints 
Throughout this thesis, I have endeavored to conduct experiments that are well 
designed and provide an appropriate level of replication to allow robust conclusions to be 
drawn.  Despite this, there are some instances where experimental design could be improved. 
In the field experiments described in this thesis, lower than expected germination, and higher 
than expected mortality, combined to reduce samples to well below the desired size. 
Similarly, issues associated with the glasshouse experiments presented in Chapter three 
regarding germination and flower rates lead to small and unbalanced samples between 
experimental units. While I believe the results presented and the conclusions drawn from 
these experiments truly reflect the patterns and processes occurring in this system, I urge the 
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reader to take these constraints into account and make their own judgement about the 
conclusions presented. 
 
Inter-annual variation. 
A major component of this thesis centered around the reciprocal transplant 
experiment conducted in the three wild populations. While these experiments are subject to a 
range of uncontrollable factors, they are essential to understanding the processes that shape 
the patterns we see in nature. One of the vagaries associated with such experiments is the 
issue of repeatability when experiments are conducted within a single year.  
 
 
Calculating gene flow. 
The calculation of reproductive isolating barriers is, at its simplest, a measure of the 
probability genes will pass from one population into the gene pool of another. Calculating the 
effects of potential barriers between these ecotypes revealed that pre-zygotic and post-zygotic 
extrinsic barriers are similar strength, but prezygotic barriers have a greater contribution to 
overall isolation. This is because barriers act sequentially (Sobel and Chen 2014), and 
barriers that act later in life history can only reduce gene low that has not been prevented by 
earlier barriers (Ramsey et al. 2003). It is therefore of great importance that the order and 
relationship between barriers is accurately estimated, that as many barriers as possible are 
measured, and that the method applied to calculate these barriers is appropriate.  
 
There are a number of formulas that have been proposed for the calculation of 
reproductive isolation (Reviewed in Sobel 2014). I used the most recent proposed method 
(Sobel 2014), as it calculates the probability of heterospecific vs conspecific mating along a 
linear gradient, which is directly applicable to gene flow and easily comparable between 
barriers of different types. However, there are some assumptions that must be made when 
applying any model, and this method is no different. Even in recent divergences, the present 
barriers to gene flow may not be the ones that drove initial isolation (Orr and Turelli 2001; 
Rieseberg and Blackman 2010). Similarly, barriers are not necessarily independent (Martin 
and Willis 2007), in which case we may be counting the effects of a barrier twice when 
calculating total isolation.   
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Perhaps a better method would be to expand this framework to include the particular 
sequence of events that have to occur that would lead to gene flow, and calculate a 
probability of occurrence based on the cumulative probabilities of all steps required. Where 
the method of Sobel and Chen (2014) sums the individual barrier strengths to estimate a 
cumulative measure of isolation, perhaps multiplying the probability of several events 
occurring in order may be a better approach. For example, if immigrant inviability is strong 
in parents, but weak in hybrid offspring, the barrier strength attributed to a hybrid 
establishing in a particular environment would be the product of the three probabilities: the 
probability of hybrid formation, the probability of migration to that environment and the 
probability of establishment, rather than the sum. This approach may better estimate the types 
of gene flow that are more likely to occur between populations, and then estimate 
reproductive isolation between the populations by the likelihood of these events occurring. 
 
 
Multiple interpretations of fitness, and differences between populations 
The evolutionary importance of fitness is clear: individuals that survive and reproduce 
pass their genes into the next generation; genes from those that die or do not reproduce are 
removed from the population. However, total lifetime fitness is difficult to measure, even in 
short lived annual plants, and the interpretations of various individual components are not 
always straightforward (Orr 2005). In the transplant experiment we measured multiple 
components of fitness to account for fitness differences through various life histories in an 
attempt to determine how ecological factors influenced fitness through different life history 
stages. There are statistical tools, such as ASTER models (Geyer et al. 2007), in which these 
various measures can be combined to produce a measure of overall lifetime fitness, however 
due to the data structure and peculiarities of the methods themselves we were unable to get 
the models to converge. Instead, we employed a Bayesian approach using a simpler 
conditional model to determine the probability of passing through life history stages, but 
these models lack the traditional significance tests of frequentist statistics and are therefore 
potentially more ambiguous in their interpretation. This approach was complimented with 
standard survival analysis, and linear model approaches to determine differences in growth 
performance. In Chapter 3, I combined measures of survival and growth to calculate the 
proportion of biomass produced by each genotype in each transplant location, which was 
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standardized by the relative growth of all plants in that environment, which gives a measure 
of the relative performance of different genetic backgrounds. Unfortunately, flower and seed 
production data was unable to be analyzed due to small sample sizes caused by low survival, 
meaning that ‘life time fitness’ and the number of individuals passed into the next generation 
by each individual was unable to be estimated. 
 
Future directions 
There are a number of results that suggest hybridization may be occurring in the 
Island ecotype. Gene flow may be facilitated between the Dune and Island ecotypes based on 
a lack of strong barriers, and many morphological traits in the Island are either intermediate, 
or not significantly different from Dune and Headland plants. Hybridization is also known to 
facilitate ecological shifts toward novel or extreme habitats (Gompert et al. 2006), which is 
consistent with this system where the Island habitat is also somewhat extreme in terms of soil 
composition with very high nutrient and salt content. None of these observations on their own 
are evidence for a role of hybridization in the evolution of the Island ecotype, however 
together they suggest that there is at least potential for further research into the origins of the 
Island ecotype. 
While the results presented her are generally consistent across different analyses, the 
conclusions could be strengthened through replication of experiments. Sample sizes are 
generally on the small side, due primarily to high mortality in the field experiment, and 
replication of the experiments would be nice to determine the repeatability of these results 
and account for any seasonal or stochastic events that may have influenced the results in this 
experiment. 
While barriers to gene flow between populations are reasonably well characterized, 
we do not measure any barriers potentially arising from pollinator behavior or conspecific 
advantage. Although there is no floral divergence between ecotypes, and generalist 
pollinators are known to transfer pollen between different Senecio species (Prentis et al. 
2007), there have been no characterizations of the different arthropod assemblages between 
environments. Within site heterogeneity, and conspecific plant density are known to 
influence the range of pollinator foraging flights (Janovsky et al. 2013), which may have 
consequences to gene flow within this system if pollinators have a higher probability of 
pollen transfer within populations than between populations. 
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